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I. INTRODUCTION 
Temperature is one of the most important environmental 
factors which influences the growth and development of 
plants. Plants exhibit a striking temperature dependence 
in various developmental processes such as flowering, seed 
and bud dormancy, seed germination and seedling develop­
ment, and in the biochemical processes underlying these. 
All of these processes have a common denominator in their 
peculiar dependence on temperature and on a proper sequencing 
of its variations in time. Though the influences of tempera­
ture on the biochemical processes responsible for growth 
and development are incompletely understood, it is clear 
that enzyme-catalyzed reactions are generally characterized 
by a high, and sometimes complex, dependence on temperature. 
The principal influence of temperature on development must 
reside in its effects on such rate-limiting enzymatic 
processes and the temperature-dependence of these must, to 
a large extent, be genetically determined. 
The problem investigated in this thesis had its incep­
tion in the Spring of 1963, when many reports were received 
at Iowa State University concerning the poor emergence and 
unsatisfactory stands of certain varieties of soybean in 
the State. Subsequent studies in the Seed Laboratory at 
this University carried out by Dr. D. F. Grabe and Mr, R. B. 
Metzer showed that certain varieties do not emerge, or 
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emerge poorly, when planted 10 cm deep in sand and grown at 
a temperature of 25°C. More surprising, perhaps, is that 
they emerge uniformly well at other temperatures, both 
lower and higher. 
The purposes of the present study were: (1) to more 
fully characterize this unusual, temperature-dependent 
pattern of development discovered by Grabe and Metzer, (2) 
to compare it with the normal pattern in soybean varieties 
which emerge well at all temperatures conducive to growth, 
and (3) to investigate the physiological bases for this 
unusual temperature response. 
\ 
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II. LITERATURE REVIEW 
A. Temperature Control of Physiological Dwarfism 
Dwarfism is one instance of temperature regulation of 
developmental events. Leopold (54, p. 382) points out that 
the case of temperature control of dwarfism is a novel one. 
In 1934 Flemion (26) reported that seedlings can be obtained 
from freshly harvested seeds of peach, apple, and hawthorn by 
removing the outer hard coat and placing the embryos under 
germinative conditions at 25°C. These normally require an 
after-ripening period of several months at 3-5°C. Such 
seedlings exhibit a very abnormal growth which was described 
as dwarf-like in character. Tukey and Carlson (80) in 
1945 found that after-ripening for 12 weeks in 3-5°C was 
required in order for peach seedlings to grow normally. 
Flemion and DeSilva (28) extracted various compounds from 
the dormant and non-dormant seeds of peach, and finally 
concluded that much more information is needed before any 
valid deductions can be made as to which substance or sub­
stances determine whether the subsequent seedling develop­
ment will be normal or physiologically dwarfed. Three 
successive applications of gibberellin in lanolin to the 
seedlings from chilled non-afterripened seeds stimulated 
growth slightly, but the effect was transitory(27) or 
non existent (60). It seems that in this case at least, 
there is not yet sufficient evidence to support the hypothesis 
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that dwarfism is the result of growth inhibiting compounds or 
of a lack of stimulating compounds (67). 
The chilling requirement of seeds of peach and Rohodo-
types could, to some extent, be dispensed with by combining 
day light with intermittent supplementary light at night (27). 
Pollock (67) reported in 1962 that potentially dwarf peach 
seedlings can be grown normally if they are subjected to 19®C 
during the period of 2-9 days after germination. Germination 
at 25®C resulted in severe dwarfing. He found that the 
effect of a temperature of 19®C did not extend beyond 9 days 
after germination. The sensitive period was limited approxi­
mately to the time between first visible root growth and 
first shoot elongation. 
Grabe and Metzer (36) tested the emergence of 25 
varieties of soybean from the depth of 10 cm in sand at 15, 
20, 25, and 30®C. They found that 6 of these varieties 
(including Amsoy, Clark, Ford, and Shelby) either did not 
emerge or showed a low percentage of emergence at 25°C, 
whereas all emerged at other temperatures just as did the 
other 19 varieties at all temperatures. They showed that 
the lack of emergence of these 6 varieties at 25®C was due 
to the inhibition of their hypocotyl elongation. 
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B, Effect of Temperature on the Rate of Growth, 
Translocation and Dry Matter Distribution 
A general temperature-reéponse curve for the growth of 
plants (e.g., cereals, peas, flax, beans) shows a rapid 
rise in the lower temperature range of 0 to 15®C and a less 
rapid rise in the intermediate range of 15 to 30°C followed 
by a decline at higher temperatures (54, p. 376; 81). Growth 
activities are more than doubled by a 10°C rise in temperature 
at the lower temperatures and this rate of growth declines 
at higher temperatures. Van Dobben (81) found that when 
temperature was raised from 10 to 16°C the rates of growth 
and development were accelerated more strongly than in the 
range 16 to 25®C. Leitsch (53) found that the relative growth 
rate of the roots of Pisum sativum increased 2.9 times between 
10 to 20®C. The maximum rate was at a temperature of 30.3°C. 
The Q^Q for the growth of corn coleoptiles between 12 and 
22°C was 5.0 and the between 20 and 30®C was 2.5 (52). 
It was found that growth of wheat roots was optimum at 20°C, 
decreasing towards 10°C and 30°C (18). Burstrom (18) showed 
that the optimum temperature for the root growth of Erocia 
wheat was 10°C and with increasing temperature the final cell 
length decreased owing to a shortened duration of elongation. 
Generally, the optimum temperature for the growth of plant 
parts usually lies at or above 25°C (83). 
Associated with an increase in growth rate at higher 
temperatures is a shortening of the duration of the growth 
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period (54, p. 376). Barlow and Hancock (7) have shown 
that wheat coleoptiles completed growth at 20®C within 30 
hours, whereas at 10®C growth was only completed within 70 
hours. They also found that the optimum temperature for 
coleoptile growth was 24®C. 
Like most biological reactions, translocation rates 
increase with temperature up to between 20 and 30®C (54, p. 
43). Hewitt and Curtis (43) reported in 1948 that trans-
locational losses of dry matter from leaves of bean, milkweed 
and tomato plants increased progressively with each suc­
cessively higher temperature when the plants were held in the 
dark at 4, 10, 20, and 30®C. The optimum temperature for 
translocation was found to be between 20 and 30°C. Respira-
tional losses of dry matter from leaves also increased when 
these plants were held in darkness overnight at 4, 10, 20, 
30, and 40®C. Swanson and Bohning (77) found that maximum 
sucrose transport in bean occurred at petiole temperatures 
in the range of 20 to 30®C. At petiole temperatures of 5 
to 7.5°C and 40 to 42®C, the rate of transport was reduced 
32 
as much as 50% and 100%, respectively. By applying P, 
^^Ca, and ^^^Cs to the leaves of bean plants Swanson 
and Whitney (78) showed that a low petiole temperature of 5®C 
inhibited translocation by 85%. The optimal temperature for 
a 4-hour translocation period was usually near 30®C and 
higher temperatures caused a decline. It has been shown 
that a bean hypocotyl temperature of 35°C is optimum for the 
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translocation of sucrose from leaves to the stem (8). Hartt 
14 (40) applied COg to the leaf of sugarcane and found that 
velocities of translocation were 1.40 cm per minute at 20®C, 
1.56 at 25°C, and 2.00 at 33®C. 
Van Dobben (81) working with cereals, peas and beans 
claimed that there is strong evidence to indicate that the 
response of growth to temperature is mainly governed by shifts 
in the shoot to root ratio. He also claimed that the shoot 
to root ratio is probably the most important factor regulating 
growth rate, and that differences in growth between varieties 
can be explained by a different shoot to root ratio and dry 
matter distribution. He showed that the shoot to root ratio 
increased with temperature. Roberts and Struckmeyer (70) 
and Sinnott (74, p. 97) found that many of the plants (e.g., 
spinach, cabbage, peas) that they studied had greater top to 
root ratios in a warm temperature (24®C). On the other hand, 
some plants such as geranium and phlox had a larger top to 
root ratio in cool temperatures (13®C). Some other species 
showed no consistent response to temperature. 
C. Effects of Temperature on Plant Growth Mediated 
through Changes in Biochemical Reactions 
The concept of a "chemical cure of climatic lesions" 
proposed by Bonner (9) assumes that: 1) climate affects 
specific biochemical events and non-optimum conditions cause 
a shortage of one or a few essential metabolites, 2) such 
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shortages of metabolites can be overcome by supplying the 
substances from an external source. Ketellapper (47) 
found that at temperatures below the optimum, nicotinic acid, 
a mixture of B vitamins, and ribosides stimulated the growth 
of tomato, cosmos and eggplant, respectively. He also 
showed that the effects of temperatures higher than the 
optimum could be prevented by applying vitamin C to broad 
bean and pea. He completely prevented reduction in growth 
in lupins by applying a mixture of B vitamins. 
In connection with the effect of temperature on plant 
growth mediated through changes in auxin level, Gustafson 
(38) in 1946 showed that tomato and corn plants contained 
more lAA when grown under warm conditions than cold con­
ditions. Burstrom (18) working with wheat found that the 
elongation of root cells was inhibited at 30°C and resembled 
in several respects those inhibited by an increased lAA level. 
High temperature (30°C) led to the reduction in the final 
cell length by shortening the duration of elongation and to 
a shift from plastic to elastic tensilility of the cell 
walls. Since roots at 30®C resembled those with a high lAA 
supply, he suggested that the effect of high température 
is mediated through an increase in the level of endogenous 
auxin. 
In leaf cuttings of Begonia X cheimantha Everett, the 
formation of adventitious buds and roots is strongly influenced 
f 
9 
by temperature according to Heide (42). He observed that 
if relatively high temperatures (24 to 27®C) were applied to 
the cuttings during the propagation period, bud formation 
(which has its optimum at 15 to 18®C) is strongly inhibited. 
On the other hand, root formation has its optimum at 24 to 
27®C and is greatly delayed at 15 to 18®C. Results of his 
experiments showed that high temperature increased the rooting 
ability and reduced the budding ability of Begonia leaves by 
increasing the ratio of endogenous auxins to endogenous 
cy tokinins. 
Hansen (39) working with pears found that the maximum 
rate of ethylene production by these fruit occurred at 20*C, 
at higher temperatures production decreased and at 40°C 
was totally inhibited. Ethylene production declined from 
approximately 4 ml per kg per day to zero on transfer of 
the fruit to the higher temperature. When transferred to 
20®C emanation again occurred showing that destruction of 
the ethylene precursor and/or the enzyme system had not taken 
place. The influence of temperature on the production of 
ethylene by apple has been investigated by Burg and Thimann 
(17). They showed that ethylene production was temperature 
dependent, and measured over a 2-hour period the optimal 
temperature was found to be 32®C. Ethylene production was 
prevented by 0 and 40°C (conditions which prevent ripening). 
The temperature inhibition was reversible, and after 5 hours 
at room temperature, 50% of the temperature-induced 
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inhibition usually disappeared. 
Went (84, pp. 262-264) tested the effect of temperature 
on seed germination of many plants. He found that germina­
tion rate increased as temperature increased (10 to 30®C), 
but he observed that seeds of Brassica aryensis germinated 
completely at cool temperatures, were almost completely 
inhibited at 26®C and germinated rapidly and completely at 
30®C. He suggested that inhibitors produced at 26®C might 
be responsible for the germination inhibition at this tempera­
ture. He also found that when seeds were first placed at 
4-7®C, too low to cause visible germination, and then trans­
ferred to 26®C, almost 100% germinated. 
It has been shown that tea plants produce more aromatic 
compounds when grown at lower temperatures (83). The same 
was observed for strawberry fruits, which were more aromatic 
at lower temperatures (83). The beneficial effects of low 
temperatures (below 10 or 15®C) on growth of many plants 
such as tomato and pepper have been known for some time (54, 
p. 377) . Apparently low temperature causes these effects 
through the hydrolysis of starch which results in an increased 
sugar content of the plant (82). It has been shown in arti­
choke leaves that temperatures below about 13®C stimulate 
starch hydrolysis (30) and in case of potato, hydrolysis of 
starch at low temperatures was correlated with high phosphory-
lase activity (26). 
There are some interesting examples of the effect of 
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temperature on the chemistry of growth processes in lower 
plants (41, pp. 5, 6, 388; 51). In the fungus Neurosppra 
crassa several types of variant have been found which react 
differently from the wild type with respect to temperature 
(41, p. 6). One of these required the amino acid trytophan 
for growth at 25®C, but was prototrophic within the tempera­
ture range of 30 to 35®C at which it produced the enzyme 
tryptophan synthetase. No active enzyme was made when the 
cells were grown at 25®C in the presence of tryptophan. An 
enzymatically inactive protein was extracted at this tempera­
ture which antigenically was related to the active enzyme, but 
its activity was restored after removing zinc which acted 
as an inhibitor. In the same fungus one of the mutants did 
not grow at 35®C because it was not able to synthesize adenine 
at this temperature (51) . There is a class of mutants of the 
bacteriophage which are unable to escape from bacteria in 
which they multiply. These mutants apparently produce a 
heat-sensitive lysozyme so that they cannot lyse their host 
and produce plaques at 37®C but can do so at 25®C (41, p. 388). 
The low temperature of 30®C stops the growth of an Eschericia 
coli mutant by inactivating the enzyme required for panto­
thenic acid synthesis (51). 
It is usually found that enzymatic reactions have a 
temperature optimum (58). At temperatures higher than the 
optimum the a.ctivity of the enzyme decreases and finally is 
completely inactivated if temperature is raised further. 
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The temperature of enzyme inactivation depends on the thermo­
stability of the enzyme (51) which is genetically controlled 
(41, p. 388) . For example, the activities of a cactus 
aldolase and phosphatase do not reach their maximum enzyme 
activity at 60*C, whereas aldolase from pea becomes completely 
inactivated in five minutes at 60°C (51) . The same situation 
exists for temperatures much lower than the optimum, except 
at these low temperatures enzymatic activities decrease or 
cease because of an increase in intramolecular hydrogen 
bonding and, hence, a higher energy of activation (51). 
According to Langridge (51) plants that are exposed to tempera­
tures other than the optimum usually have "temperature-induced 
lesions," the nature of which is dependent on what enzyme 
or enzymes have been affected. 
Quite different problems exist, however, in connection 
with possible mechanisms of action of lower temperatures on 
flowering and loss of dormancy. It has been suggested that 
low temperature treatment may bring about new biochemical 
events by activation of specific genes (54, pp. 376-384; 72, 
p. 554). Many plants such as cabbage, celery, beet, carrot, 
parsley and winter grains require a cold temperature for 
flowering and others such as spinach and rice require high 
temperatures (54, pp. 225-236). It seems that the dividing 
cells are the site for perceiving the vernalization stimulus 
(20; 54, pp. 225-236; 74, p. 341). Concerning the cold 
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treatment, apparently there is involved an accumulation of 
some substance stimulatory of flowering. Since gibberellin 
application stimulates flowering in many cold-requiring 
species and since natural gibberellins of plants increase 
when exposed to thermoinduction at lower temperatures, 
Chailakhyan (20) has suggested that low temperatures induce 
the synthesis of vernalin which subsequently is changed to 
one or more gibberellins under long-day conditions. 
Gibberellins then change to anthesins (flower development 
hormones) (20). 
The inductive effect of low temperatures in breaking 
seed or bud dormancy is another complex problem. There 
seems to be reasonable evidence that inhibitors as well as 
promotive substances may be involved in dormancy. The loss 
of dormancy may occur either when an inhibitor is inactivated 
or metabolized or when growth-stimulating substances of the 
gibberellin type are produced in sufficient amounts to 
intervene (5; 54, pp. 304-321), Perhaps both are involved. 
D. Effects of Ethylene on Plant Growth and Its 
Roles as an Endogenous Growth Regulator 
Neljubow (66) in 1901 reported the effects of ethylene 
gas on the growth of plants such as pea. Results of his 
experiments showed that ethylene had three distinctive 
effects on the growth of epicotyl of pea and other plants. 
These were a decrease in elongation, an increase in radial 
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expansion and a horizontal orientation of the shoot. Denny 
(23) in 1924 identified ethylene gas in the fumes of com­
busted kerosene vfhich were used to force lemon fruits to 
ripen, and suggested that the gas was responsible for the 
hastening of fruit ripening. Similar accelerations of ripen­
ing were shown by ethylene on tomatoes, bananas, melons, 
persimmons, apples, pears, and oranges, and subsequently on 
almost all fruits investigated (11). It was Gane (32) who 
first detected the ethylene produced by a plant tissue 
(apples). He measured the gas by brominating it at -65°C. 
A manometric method was used by Chris tens en et al. (21) to 
detect ethylene from apples, pears and bananas. During the 
next several years ethylene was identified as a natural 
product of fruits, flowers, leaves and roots of many plants 
(11, 85). 
In 19 35, Crocker et al. (22) and Zimmerman and Wilcoxon 
(89) reported the results of their investigations on the 
effects of several auxins and of ethylene on the growth of 
sunflower, marigold, artichoke, buckwheat, dahlia, tobacco, 
sweet pea, Windsor bean and tomato. They found that ethylene 
mimicked the effects of auxin in root initiation; it inhibited 
elongation and caused swelling of stem tissues. These results, 
along with the observation that auxin stimulated ethylene 
production, led Zimmerman and Wilcoxon (89) to propose that 
ethylene may be considered as an endogenous growth regulator. 
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Since it was already established that plant tissues 
produce ethylene and are affected by small quantities of 
the gas, it was reasonable to consider the possibility that 
ethylene might serve as an endogenous growth regulator. 
Fruit ripening was the first process shown to be controlled 
endogenously by ethylene (11, 13, 16). Experiments of Burg 
(11) , Burg and Burg (.13) , and Pratt and Goeschl C68) have 
provided convincing evidence to support the hypothesis that 
ethylene is the ripening hormone. This evidence may be 
summarized as follows; (1) many fruits produce ethylene and 
(2) all of these fruits, without exception, can be caused to 
ripen with the application of ethylene to them, (3) an 
increase in ethylene production by fruits precedes the onset 
of the climacteric rise in respiration, which would indicate 
that ethylene is not a by-product of the ripening processes. 
• / 
Other evidence which reinforces the view that ethylene 
is the ripening hormone has been presented by Burg and Burg 
(13). These are as follows: (1) ripening can be delayed 
by ventilating the fruits because this serves to remove the 
ethylene from the intercellular spaces where it accumulates 
as a result of endogenous production, (2) COg, which is a 
competitive inhibitor of ethylene action, prevents ripening, 
(3) a low Og concentration retards ripening because Og is 
required for the action of ethylene. 
The role of endogenous ethylene as a growth regulator 
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in intact seedlings of pea has been shown by Goeschl et al. 
(35) and Pratt and Goeschl (69). They found that the pro­
duction of ethylene by etiolated pea epicotyls was confined 
to the plumule and plumular hook portion of the epicotyl, 
and occurred at a rate ùf about 6 ul/kg/hr. It was also 
found that when epicotyls were subjected to a physical stress 
(either a 1 g weight was placed on each epicotyl or it was 
obstructed at its top by a neoprene foam stopper) there was 
a sharp increase in ethylene evolution which preceded the 
radial expansion of the epicotyl and a reduction in its 
growth rate. The ethylene evolution was not simply the by­
product of a general increase in metabolism, because the 
respiratory rates of obstructed and unobstructed epicotyls 
were almost equal at a time when their ethylene evolution 
rates differed greatly. The morphological and anatomical 
features which resulted from the physical stress were closely 
duplicated by treatment with 0.2 ppm of ethylene. It was 
also shown that the increase in ethylene production coincided 
with a decrease in the rate of elongation, i.e., growth 
inhibition did not precede the ethylene evolution. Both 
the increase in endogenous ethylene and the resulting 
increase in diameter appeared to be proportional to the 
amount of stress applied. This apparently serves to adjust 
the emergence force and mechanical strength of the seedlings 
to the prevailing soil conditions if these plants are grown 
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in the field. 
Goeschl et a^. (34) have shown that the light-induced 
plumular expansion of pea seedlings is controlled by a 
decrease in ethylene production. They exposed 4.5-day old, 
etiolated pea epicotyls to red light for 60 seconds and 
found that closely following a decrease in ethylene production 
was an acceleration in the rate of plumular expansion. Far-
red light had the opposite effect and increased ethylene 
production, which in turn decreased plumular growth. This 
was in agreement with the previous observations suggesting 
that plumular expansion is controlled by phytochrome (30). 
Further indirect evidence for the action of ethylene was the 
stimulation of plumular expansion by 6% COg (a competitive 
inhibitor of ethylene) in the dark (33), They also suggested 
that the endogenous ethylene regulated the radial expansion 
of the etiolated pea epicotyl in a region just below the 
apical hook and controlled the epicotyl hook opening in 
light (33, 55, 69). Both the exposure of the seedlings to 
red light (which reduces ethylene production) or to COg 
decreased the radial expansion and opened the hook. 
Kang et al. (46) observed that low concentrations of 
ethylene inhibited the light-induced opening of the excised 
! 
bean hypocotyl hook. In parallel with the results obtained 
in pea epicotyls light opened the hook and decreased ethylene 
evolution. Therefore they suggested that hypocotyl hook 
18 
opening by light was mediated through a reduction in ethylene 
synthesis and an increase in COg production. 
Light not only decreases the synthesis of endogenous 
ethylene (12, 33, 46), it also reduces the sensitivity of 
the tissue to the gas (12, 33, 65, 69). Neljubow (65) in 
1911 observed that ethylene would not induce transverse 
geotropism in pea seedlings in the presence of strong light 
and would cause only a partial response in weak light. 
Goeschl and Pratt (33) applied a series of ethylene concentra­
tions ranging from 0.0025 to 2.56 ppm to 3-day pea seedlings, 
then treated half of the seedlings at each ethylene concentra­
tion with a continuous exposure to red light for 48 hours. 
Plumular expansion of the seedlings exposed to light was 
inhibited maximally by 0.32 ppm ethylene, whereas the same 
effect was achieved by 0.04 ppm in the dark. They concluded 
that the light-induced decrease in ethylene production was 
not alone responsible for the acceleration of plumular 
expansion; light-induced changes in sensitivity to ethylene 
were also responsible. Burg and Burg (12) observed that stem 
sections of pea plants treated with red light for 30 seconds 
lost much of their ability to swell in response to ethylene. 
Involvement of endogenous ethylene in controlling 
senescence and leaf abscission has been suggested by Abeles 
(1), Abeles et a^. (2), Abeles and Rubinstein (3), Rubinstein 
and Abeles (71) and Burg (10). 
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Apparently different tissues require different concentra­
tions of ethylene for a maximal inhibition of growth, 
Epicotyl elongation of etiolated pea is maximally inhibited 
by 1 ppm of ethylene, whereas sunflower hypocotyl is inhibited 
maximally by 10 ppm of the gas (12, 13). Holm and Abeles 
(44) reported in 1968 that 1 ppm and 75,000 ppm of ethylene 
inhibited the elongation of soybean hypocotyls (variety 
Hawkeye) by 50 and 69%, respectively. 
E. Stimulation of Ethylene Production by Auxins 
and Its Role in Auxin-inhibited Growth 
Zimmerman and Wilcoxon (89) noticed that African marigold, 
Chenopodium album and sunflower showed a pronounced epinastic 
response when enclosed with a tomato plant treated with 1.0% 
lAA in lanolin. They also observed that the epinastic response 
resembled the response of plants treated with ethylene and 
propylene. They concluded from this that the lAA and NAA 
effects such as epinasty of leaves, stem rigor and initiation 
of roots might be attributed indirectly to the unsaturated 
hydrocarbon gas produced in the tissue. 
Abeles and Rubinstein (3) found that a-naphthaleneacetic 
acid (NAA) stimulated the production of ethylene by roots, 
stems, and leaves of 9 species of plants. They also observed 
that lAA, NAA, 3-indole-3-propionic acid (IPA) and y-indole-
3-n-butyric acid (IBA) stimulated ethylene production in 5 mm 
sections of etiolated bean hypocotyls which were cut from 
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just below the cotyledonary node. lAA caused more ethylene 
production than any other. 
Morgan and Hall (63) reported that cotton plants sprayed 
with 2,4-D produced 26 times more ethylene than the controls. 
Subsequently they presented evidence showing that the response 
was not peculiar to 2,4-D, but that lAA also accelerated the 
release of ethylene (64). 
It was reported in 1960 by Key et al. (48) that applica­
tion of 5 X lO"^ M 2,4-D to soybean seedlings inhibited 
hypocotyl elongation and caused swelling. Later Holm and 
Abeles (44) observed the same effects and showed that 2,4-D 
stimulated ethylene production and that exogenous ethylene 
had similar effects. They concluded that 2,4-D induced 
ethylene formation and that this was responsible for the 
inhibition of hypocotyl elongation and for its swelling. 
Kang et a^. (46) found that application of 0.175 yg/ml 
lAA to the bean hypocotyl stimulated ethylene production 
and caused the hypocotyl hook to remain closed under red 
light. Since exogenous ethylene also inhibited light-induced 
opening of the hypocotyl hook, they therefore suggested that 
lAA inhibited opening by inducing an increased production of 
ethylene. 
Chadwick and Burg (19) have shown that lAA applied to 
the roots of pea, tomato, sunflower and bean seedlings 
stimulated ethylene production, inhibited elongation and 
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caused swelling. Application of exogenous ethylene to the 
roots had similar effects, They have suggested that 
inhibition of root elongation by lAA is mediated through its 
stimulation of ethylene production. Andreae et al. (6) do 
not agree with this conclusion. They claim that lAA stimu­
lates ethylene in roots but point out that ethylene is not 
responsible for the growth inhibition. 
Since lAA concentrations of 10"^ M or above stimulate 
ethylene production in stems, roots, flowers, fruits and 
leaves, and since many effects of lAA are similar to those 
of ethylene (1, 10, 11, 12, 19, 22, 24, 46), Burg and Burg 
(12) have stated: "Surely so ubiquitous a response must 
serve some very special purpose." Two of the effects of lAA 
which are similar to those of ethylene are inhibition of 
elongation and promotion of stem tissue swelling (12, 22, 29, 
65, 89). It has been demonstrated by Burg and Burg (12, 14) 
that lAA-induced ethylene formation is responsible for the 
inhibition of elongation and swelling of pea epicotyls and 
sunflower hypocotyls when supraoptimal concentrations of 
auxin are applied. They found that lAA applied to these 
tissues stimulated ethylene production after 1 hour and 
this endogenous ethylene affected growth after 4 hours. 
Growth of tissues exposed to an exogenous ethylene was not 
inhibited for 3 hours. This was further clarified in experi­
ments in which pea stem and sunflower hypocotyl segments were 
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treated with 10 ppm ethylene. It was found that their rate 
of elongation was reduced by 50% and additional ethylene had 
no further effect. Under these conditions, ethylene produced 
in response to lAA was without effect; hence, an inhibition 
due to lAA should have been readily discerned. They found 
that no such inhibition occurred when the lAA concentration 
was raised, thereby clearly indicating that the inhibition 
was due only to the ethylene. 
Ethylene is usually produced in those parts of the plant 
which have the highest auxin content (3, 10, 12, 14, 31, 46). 
Goeschl et a2. (34) found that the apical region of the 
etiolated pea produced considerably more ethylene than any 
other part of the epicotyl (6 iil/kg/hr) . Burg (10) measured 
a high rate of ethylene evolution from the apex and youngest 
petiole of a light grown pea shoot; in contrast an older 
petiole produced the gas at a much lower rate. Rang et al. 
(46) showed that the apex of the bean hypocotyl produced much 
more ethylene than the rest of the hypocotyl. Abeles and 
Rubinstein (3) applied unilateral light to the bean hypocotyls 
and found that the dark side, where presumably more endogenous 
auxin is present, produced more ethylene than the lighted 
side. They also showed that the lower side of a horizontally 
oriented bean hypocotyl, where more auxin is presumably 
present, produced more ethylene than the upper side. 
According to the Cholodny-Went theory of geotropism, 
auxin is transported laterally to the lower side of a 
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horizontally positioned root and there inhibits growth due 
to its supraoptimal concentration. Based on this, Chadwick 
and Burg (19) suggested that the geotropic response resulted 
from an auxin-stimulated ethylene evolution on the lower side 
and the resulting inhibition of growth by ethylene there. 
As expected they found an enhanced root hair formation on 
the lower side, which is a typical ethylene effect. They 
also showed that the root curvature later diminished as 
ethylene diffused to the upper side of the root. Further 
support for this interpretation was their finding that 10% 
COg reduced geotropic curvature in pea and bean roots. 
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III. METHODS AND MATERIALS 
A. Hypocotyl Elongation in Sand 
Seeds of soybean (Glycine max (L.) Merr.) varieties 
Clark, Shelby, Amsoy, Ford, Mandarin, Hawkeye, Chippewa, 
Lindarin, Traverse, Grant, Wayne and Renville were obtained 
from samples on file at the Iowa State University Seed 
Laboratory. To study hypocotyl elongation of these varieties, 
seeds were planted in steam sterilized sand, 2.5 cm deep, 
in 20 cm clay pots at 15, 20, 25 and 30*C. Each pot was 
covered by a furnace pipe 20 cm in diameter and the open end 
of the pipe was covered by aluminum foil to exclude light and 
to minimize evaporation. After 9 days plants were taken out 
and their hypocotyls were measured. To measure the hypocotyl 
length, the transition zone between the hypocotyl and the 
main root was estimated as the point where the second or the 
third lateral root emerged and where the thickness of the 
hypocotyl decreased sharply. 
In all experiments the temperature, as measured at the 
location of the seeds, was considered to be the growth 
temperature. 
B. Method of Seedling Growth 
In all other studies, seedlings were grown in paper 
towels unless otherwise mentioned. This method consisted 
of orienting the seeds across a sheet of paper towel (31 x 
25 
31 cm, using 3 layers), about 5 cm below the edge and 1 cm 
apart, and then rolling the towel around them (Figure 1). 
Each roll of paper towel was then placed in a glass jar 
(3.75 1) containing 100 ml of tap water and was covered with 
a plastic bag to minimize evaporation. Usually, seeds were 
placed in such a position that when radicles emerged, they 
grew directly downward. Observations and measurements were 
made by unrolling the towel. The advantages of growing the 
plants as described, compared to growth in vermiculite or 
sand, are as follows: (1) repeated measurements of length 
of hypocotyls and main roots can easily be made on the same 
seedlings after varied time intervals, (2) measurements of 
fresh and dry weights can be made quickly and without loss of 
material such as occurs when sand or vermiculite must be 
washed from root systems, (3) application of growth regulators 
in lanolin to the hypocotyls can be made as early as 48 hours 
after planting, whereas in vermiculite or sand it cannot be 
made until after emergence. 
C. Determination of Dry Matter Distribution 
For determining dry matter distribution, germination 
rates and growth curves, varieties Hawkeye. Mandarin, Clark 
and Shelby were used. In all other experiments only Clark 
and Mandarin were used. . Whenever it was required, blue light 
was used as a safe-light. This blue light was provided by a 
50 watt incandescent bulb covered with 5 layers of blue 
Figure 1. The method used for growth of soybean seedlings 
in controlled environments 
Not shown are the polyethylene bags used to 
cover plants for minimizing evaporation. 
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cellophane. This system emitted a very dim blue light with 
peak emissions at 435 and 745 my. 
To study dry matter distribution, plants were grown in 
paper towels in the dark at 20, 25, and 30°C. After 9 days 
they were taken out and each seedling was divided into 
epicotyl, cotyledons, hypocotyl, and roots and dried at 85°C 
for 24 hours. 
D. Root and Hypocotyl Length Measure­
ments as a Function of Time 
For measuring the main root and the hypocotyl length 
at various intervals of time, plants were grown in paper 
towels at 20, 25, and 30®C in the dark. Forty-eight hours 
after planting at 25 and 30®C, and 72 hours at 20®C, the 
paper towels were unrolled under the blue safe-light and 
the zone between the hypocotyl and the main root was marked 
with India ink. Subsequent measurements were made from 
this mark. The position of the mark at the transition zone 
was determined by experience to be about 1 cm below the 
cotyledonary node after 48 hours at 25 and 30®C and after 
72 hours at 20®C. 
E. Determination of Germination Rates 
To determine per cent germination as a function of time 
and temperature, seeds were germinated in paper towels at 
25 and 30®C and were counted under blue light at 24, 35, 
\. 
and 46 hours. 
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P. Hypocotyl Elongation as Affected 
by Temperature Sequencing 
Seedlings of the variety Clark were grown at 25®C for 
varied lengths of time and then transferred to 20®C for the 
remainder of an 11-day growth period. Others were grown at 
20®C for varied lengths of time and then transferred to 25°C. 
A similar procedure was followed in the experiment in which 
25 and 30®C temperatures were used except plants were grown 
for 9 days. Plants were grown in the dark in paper towels. 
G. Low Temperature Pretreatment of Seeds 
In order to study the effect of seed chilling on subse­
quent hypocotyl elongation at 25®C, seeds of variety Clark 
were planted in paper towels and placed at 4°C in the dark 
in a refrigerator. After 2, 10, and 30 days at this tempera­
ture, they were taken out and transferred to 25®C and were 
grown for 10 days. 
H. Application of Growth Regulators 
Growth regulators, lAA, gibberellic acid (GA^), and the 
antiauxin, PCIB (g^-chlorophenoxy-ispbutyric acid) , were weighed 
out and dissolved in several drops of methanol and the 
resultant solution was added to a known weight of lanolin. 
The lanolin then was melted at 50°C and was thoroughly mixed 
with the methanol solution. Subsequently, methanol was evapo­
rated by blowing air over the solution as mixing continued. The 
same procedure was followed for kinetin except it was first 
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dissolved in 4 ml of heated ethanol. Previous to the 
addition of the growth regulators to lanolin, the latter 
was fractionated by extraction with acetone (62) in order to 
give it more fluidity. The lanolin paste containing the 
growth substances was applied to the hypocotyls of variety 
Clark at 25°C. lAA was also applied to the hypocotyls of 
variety Mandarin at 25°C. Usually GA^ was applied 2 days 
after planting and the others 3 days after planting. Before 
applying the lanolin, paper towels were unrolled under the 
blue light and the seed coats and non-germinated seeds were 
removed. Growth regulator-lanolin mixtures were reapplied 
twice (after 4.5 days and 6.5 days), except for the experi­
ment with variety Mandarin in which the mixture was reapplied 
once after 5 days. To determine the effect of lAA on the 
growth rates of Clark and Mandarin hypocotyls, it was applied 
only once at 0.1% concentration after 3 days. 
I. Carbon Dioxide Application 
Seeds of variety Clark were planted in 1600 ml of 
vermiculite soaked with 500 ml of tap water in 6.24 1 
desiccators. To add the COg, desiccators were sealed and 
their contents were subjected to a partial vacuum and then cOg 
was added to the gas phase by means of a syringe inserted 
through the sleeve-type rubber stopper covering the desic­
cator outlet. After COg was added the rubber stopper was 
then removed to equilibrate the contents to atmospheric 
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pressure. In experiments where the effect of a high COg 
level on respiration was studied a manometer was used to 
measure the approximate amount of CO^ to be injected. The 
exact concentration of the CO^ in the desiccators was then 
determined by gas chromatography. After 9 days' growth in 
the dark concentrations of and COg were determined again 
by gas chromatography. The gas chromatograph used was an 
Aerograph Model 90-P-3 linked to a Leads and Northrup Model 
H recorder with a disk integrator. The chromatograph con­
sisted of internal and external columns in a continuous tube 
with the thermodetector in between the columns. The internal 
column was stainless steel 102 x 0.63 cm packed with 30-60 
mesh silica gel. The second column was also stainless steel 
with dimensions of 4.57 m x 0.63 cm. The second column 
was packed with 90% 30-60 mesh 13X molecular sieve and 10% 
30-60 mesh 5A molecular sieve. The carrier gas was helium 
with an outlet pressure of 20 psi at the regulator and a 
flow rate of 75 ml per minute. 
The temperatures of various components of the gas 
chromatograph were maintained at the following values; injec­
tion port 110°C, internal column 110°C, detector 120°C and 
the external column at room temperature of 22 to 24°C. The 
detector current was 200 milliamperes. The peaks obtained 
with a standard gas mixture of known composition were used 
as the basis for computing the composition of the sample. 
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To Study the effect of 5, 10, 15, and 20% COg on 
seedling development in variety Clark, the desired amount 
of COg was taken from the tank by using a 50 ml plastic 
syringe and then injecting it into the desiccators. Assuming 
the atmospheric Og concentration to be 20%, then the con­
centration of Og in the desiccators containing 5, 10, 15, 
and 20% COg would be 19, 18, 17, and 16%, respectively. An 
attempt was made to separate the effects of the low Og con­
centration (17%) from the effects of the 15% COg concentra­
tion on the growth of variety Clark. To do this, it was neces­
sary to grow the plants in atmospheric COg (presumably 0.03-
0.04%) with 17% ©2 and also in 15% COg with 20% Og. In the 
former experiment, 15% helium gas was added to decrease the Og 
concentration from 20% to 17% and in the latter, 0^ was 
injected into the desiccator to bring its level to 20%. 
J. Ethylene Application 
To study the effects of ethylene on seedling develop­
ment, concentrations of 1 and 3 ppm ethylene were applied 
to Clark and 3 ppm to Mandarin at 25°C. Plants were grown 
for 9 days in the dark. Seeds of these varieties were 
sterilized in 10% Clorox for 15 minutes and then planted 
in 1000 ml of vermiculite soaked with 320 ml of tap water 
in 3.75 1 glass jars. Each glass jar was closed by a number 
14 rubber stopper fitted with glass inlet and partially 
vacuumed. Standard ethylene gas at a concentration of 7 ppm 
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in nitrogen was added by means of a 50 ml plastic syringe 
inserted through the sleeve-type rubber stopper covering the 
glass inlet. Oxygen was also added to the contents of the 
jar to raise its concentration to 20%. In order to have a 
concentration of 1 ppm or 3 ppm ethylene in the jar, the 
7 ppm standard was diluted. By knowing the volume of the 
glass jar it was possible to calculate how much and 
ethylene in nitrogen should be added to the air phase of the 
jar in order to dilute the 7 ppm ethylene to 1 or 3 ppm. 
For example, to obtain 3 ppm ethylene in the jar, 300 ml of 
Og plus 1180 ml of standard 7 ppm ethylene were added to 
the contents of the glass jar. 
K. Red Light Treatments 
To study the effects of red light alone or together 
with 15% COg, at 25*C, plants were grown, respectively, in 
paper towels or in vermiculite as was described earlier. 
Seventy-two hours after planting, seedlings were subjected 
to red light for 5 minutes and this treatment was repeated 
every 48 hours. In another treatment, plants were grown 
under continuous red light beginning 72 hours after planting. 
The source of the red light was one 40 watt Sylvania standard 
Gro-Lux lamp with no emission above 700 my and with peak 
emission at 660 my. This lamp was covered by two layers of 
Dupont red cellophane having a peak emission at 650-750 my 
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and absorbing all blue light. The lamp was located 30 cm 
from the top of the plants. 
L. Ethylene Determination 
Seeds of the varieties Clark and Mandarin were steril­
ized in 10% Clorox for 15 minutes and then placed in paper 
towels (30 X 17 cm) and grown at 20, 25, and 30®C in the 
dark. After 2 days of growth each paper towel was unrolled 
and seed coats plus non-germinated seeds were removed and 
then sealed in a 4 1 Erlenmeyer flask by means of a rubber 
stopper fitted with glass inlet. The inlet was closed by 
a sleeve-type rubber stopper. After 4 days the ethylene 
accumulated during the previous 2 days was measured by 
injecting 5 ml samples into the gas chromotograph. In 
another experiment seedlings were transferred to the flasks 
at 4 days and ethylene was measured at 6 days. A similar 
procedure was followed with control flasks containing no 
seeds. Each treatment was run with duplicate flasks. The 
latter experiment was run twice. To measure IAA-induced 
ethylene production, 0.1% lAA in lanolin was applied to 
the hypocotyls of 3-day seedlings of variety Clark. Each 
seedling was then sealed in a 10 ml test tube by means of 
a rubber stopper. Lanolin only was applied to control 
plants. Ethylene was measured after 24 hours. 
Ethylene was detected and measured in a Packard 7300 
series gas chromatograph linked to a Honeywell recorder. 
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A hydrogen flame ionization detector. Model 881, was used 
at a temperature of 110*0. A voltage of 150 volts was 
applied to the detector with a current of 10 ampere. The 
electrometer was operated at a current of 1 x 10 ampere. 
Column and inlet temperatures were set at 45®C and 110®C, 
respectively. The carrier gas was helium with an outlet 
pressure of 20 psi at the regulator and a flow rate of 110 ml 
per minute. The column consisted of 60 x 0.63 cm copper 
tubing packed with Alcoa 40-60 mesh activated alumina. 
Ethylene at a concentration of 7 ppm in nitrogen, 
analyzed by the Matheson Company, was used as a standard. 
To obtain lower concentrations of ethylene, the 7 ppm 
standard was diluted with air. To do this a 30 ml test tube 
was partially vacuumed and the ethylene gas mixture was 
added by means of a syringe inserted through the rubber 
vaccine cap covering the test tube. To equilibrate the 
contents to atmospheric pressure a hypodermic needle was 
inserted through the cap and air was let in. Areas under 
the curves obtained with the standard gas were used as the 
basis for computing the amount of the ethylene in the 
samples. It was found that the concentration of ethylene 
in standard samples had a linear relationship to the areas 
under the curves. 
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M. Stress Effects 
To study the effects of physical stress on hypocotyl 
growth of the varieties Mandarin and Clark at 25°C, seeds 
were planted at a depth of 10 cm in steam sterilized sand. 
Control plants were grown in paper towels. Plants were 
grown for 9 days in the dark in plastic pots (12 cm diameter) 
covered by plastic bags to minimize evaporation. 
N. Absorption of Carbon Dioxide and Ethylene 
To absorb the COg and ethylene gases given up by the 
seedlings of Clark at 25*C, 20 ml each of 20% potassium 
hydroxide and of 0.25 M mercury perchlorate in 2.5 M perchloric 
acid, respectively, were used in two separate experiments. 
The method of absorbing ethylene by mercury perchlorate was 
that of Young et a^. (87). Plants were grown in 3.75 1 glass 
jars filled with 1000 ml of vermiculite soaked with 320 ml 
of tap water. Prior to planting, seeds were sterilized in 
10% Clorox for 15 minutes. Two such jars, closed with 
number 14 rubber stoppers, were connected by means of a 
Tygon tube and the air inside was taken out by means of a motor 
driven air prèssurje/vacuum pump ( 1/50th hp) and passed through 
the absorbing solution and then circulated back into the jars. 
The motor was turned on for 10 to 12 hours every day, until 
after 9 days when the plants were taken out. The air flow 
rate was about 400 ml per minute and the total volume of the 
gas-flow system was 5.9 1. These methods of absorption 
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assure complete and rapid absorption of COg and ethylene. 
For reducing accumulation of both ethylene and COg con­
currently, the absorptive compounds were not used. Instead, 
seedlings were simply subjected to the open air by leaving 
the desiccator inlet open and its lid moved aside about 2 cm. 
In this way the temperature inside of the desiccator was 
kept at 25"C at all times as water evaporation from the 
plants was not rapid. 
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IV. RESULTS AND DISCUSSION 
A. Effects of Temperature on Germination and 
Seedling Development in Some Soybean Varieties 
1. Hypocotyl elongation in sand 
Table 1 shows the mean lengths of hypocotyls of 12 varie­
ties of soybean grown at 15, 20, 25, and 30°C for 9 days in 
the dark. Hypocotyls of Clark, Shelby, Ford and Amsoy failed 
to elongate normally at 25°C but elongated at 20 and 30®C 
as did the other 8 varieties at all temperatures. Figure 2 
illustrates the hypocotyl lengths of 4 representative varie­
ties as a function of temperature. The mean hypocotyl lengths 
of the varieties Clark, Shelby, Ford and Amsoy when grown at 
25®C were 8.1, 7.7, 8.1 and 9.2 cm., respectively, whereas 
those of the other 8 varieties ranged from 21.3 to 26.9 cm 
(Table 1). The elongation of these four varieties was inhibited 
significantly at 25°C (Table 2) with the inhibition ranging 
from 57% to 71% when compared with the mean of the 8 other 
varieties grown at the s ame temperature. Figure 3 shows this 
difference in growth of Clark and Mandarin at 25°C when grown 
in paper towels instead of sand. It also shows the growth 
of these varieties at 30®C. Varieties exhibiting these two 
different hypocotyl growth responses at 25°C will be referred 
to hereafter as "short hypocotyl" and "long hypocotyl" varie­
ties in order to distinguish them with a minimum of verbiage. 
It should be emphasized that these terms refer to their 
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Table 1. Hypocotyl lengths of 12 varieties of soybean grown 
at four temperatures for 9 days in the dark 
Hypocotyl length (cm)^ 
Temperature (°C) 
Variety 15 20 25 30 
Shelby 8.4 22.8 7.7*"* 20.2 
Clark 7.5 20.9 8.0^ 21.3 
Ford 9.0 18.9 8.1& 21.5 
Amsoy 8.0 23.8 9.2^ 23.5 
Traverse 10.3 23.1 24.3^ 22.1 
Lindarin 6.7 24.3 23.1^ 22.1 
Renville 7.7 23.4 23.1^ 23.3 
Chippewa 9.5 24.1 21.2^ 22.9 
Grant 5.9 21.4 21.7b 18.5 
Wayne 9.2 21.9 22.9b 23.4 
Hawkeye 7.0 19.1 23. 6^ 21.9 
Mandarin 7.9 25.0 26.9b 21.6 
^Each value is the mean of 50 seedlings. 
** 
Mean values followed by the same letters are not signifi 
cantly different at P = 0.05 using Duncan's multiple range 
test (56, p. 270). 
Figure 2. Mean hypocotyl lengths of 4 representative 
varieties of soybean as a function of tempera­
ture when grown for 9 days in the dark 
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Table 2. Analysis of variance of hypocotyl lengths (cm) 
of 12 varieties of soybean grown at 25®C for 9 
days in the dark 
Source of Degree of Sum of Mean 
variation freedom squares square F 
11 31543,46 2867.59 131.18**** 
586 12812.17 21.86 
597 44355.63 
^ ^  ^ 
Indicates significance at P = 0.005. 
distinctive growth responses at 25®C and not to their re­
sponses at the other temperatures tested. 
These results verify those reported earlier by Grabe 
and Metzer (36) who used per cent emergence from 10 cm of 
sand at 25®C as a criterion for distinguishing these response 
types. However, contrary to their results those reported 
here do not permit distinction of a third response type— 
their group 2 of intermediate per cent emergence represented 
by varieties Traverse, Lindarin, Renville, and Chippewa. 
Most plants exhibit only one optimum temperature for 
growth (18; 54, p. 376; 76; 81) but the short hypocotyl 
varieties (Shelby, Clark, Ford, and Amsoy) have at least two 
optima, 20®C and 30®C or above, for hypocotyl elongation. 
This type of temperature response is strikingly similar to 
the one obtained by Went (84) for germination of Brassica 
Varieties 
Error 
Total 
Figure 3. Seedlings of two varieties of soybean at 25 and 
30®C after 9 days' growth in the dark 
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arvensis. In that study, germination was complete at cool 
temperatures and at 30°C, but was completely inhibited at 
26»C. 
2. Germination 
Tables 3 and 4 show that at both 25 and 30®C seeds of 
the varieties Clark and Shelby germinated earlier than those 
of Mandarin and Hawkeye. This earlier germination may be 
due to a more rapid absorption of water. When seeds of the 
4 varieties were soaked in water for 15 minutes the seed 
coats of Clark and Shelby wrinkled, whereas those of Mandarin 
and Hawkeye did not. Whatever inhibits the hypocotyl elonga­
tion of Clark and Shelby at 25°C apparently does not delay 
their germination. 
Table 3. Seed germination in 4 varieties of soybean as a 
function of time at 25°C 
Per cent germination^ 
(hr) Clark Shelby Mandarin Hawkeye 
24 
35 
46 
51 
98 
100 
30 
97 
98 
18 
85 
94 
16 
87 
98 
^Each value is the mean of two replications and each 
replication consisted of 50 seeds. 
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Table 4. Seed germination in 4 varieties of soybean as a 
function of time at 30°C 
Time after 
planting 
(hr) Clark 
Per cent germination' a 
Shelby 
Variety 
Mandarin Hawkeye 
24 
35 
46 
70 
97 
100 
69 
97 
99 
49 
91 
95 
43 
94 
99 
^Each value is the mean of two replications and each 
replication consisted of 50 seeds. 
3. Dry matter distribution 
The dry matter distribution in 9-day seedlings of the 
varieties Clark and Shelby (two short hypocotyl varieties) 
was determined at 20, 25, and 30°C and compared with that of 
Mandarin and Hawkeye (two long hypocotyl varieties). 
a, ^ epicotyls Figure 4A and Table 5 show that 
the dry matter of the epicotyls of all 4 varieties increased 
as 9 function of temperature. Statistical analysis in Table 7 
shows that the probability of this increase in dary matter as 
a linear function of temperature is more than the quadratic 
one, although both are significant at a 0.5% level of proba­
bility. 
b. ^ cotyledons Cotyledons of all 4 varieties lost 
dry weight as a linear function of the increasing tempera­
ture (Tables 6, 8 and Figure 4B). Statistical analysis in 
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Table 8 shows that cotyledon dry weights of Shelby and Clark 
versus those of Hawkeye and Mandarin interact with tempera­
ture with significance at a 1.0% level of probability when 
fit to a linear model. 
Table 5. Epicotyl dry weights of 4 varieties of 9-day, 
dark-grown soybean seedlings as a function of 
temperature 
Epicotyl dry weight (mg)^ 
Variety 
Temperature (°C) Shelby Clark Mandarin Hawkeye 
20 3.4 3.3 2.8 3.2 
25 13.0 12.6 11.8 17.1 
30 17.4 18.4 16.8 21.6 
^Each value is the mean of 3 replications and each 
replication consisted of 15 seedlings. 
Table 6. Cotyledon dry weights of 4 varieties of 9-day, 
dark-grown soybean seedlings as a function of 
temperature 
Cotyledon dry weight (mg)^ 
Variety 
Temperature (°C) Shelby Clark Mandarin Hawkeye 
20 
00 1—1 00 
82.4 92.6 104.7 
25 69.7 73.8 65.8 78.9 
30 47.2 49.4 44.9 57.2 
^Each value is the mean of 3 replications and each 
replication consisted of 15 seedlings. 
Figure 4. Dry weights of (A) epicotyl, (B) cotyledons, 
(C) hypocotyl, (D) roots, (E) whole seedling, 
and'(F) seedling axis (epicotyl + hypocotyl + 
roots) of 4 varieties of soybean when grown 
for 9 days at 20, 25, and 30®C 
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Table 7. Analysis of variance of epicotyl dry weights in 
4 varieties of 9-day, dark grown, soybean seedlings 
as 4 X 3 factorial analysis 
Source of Degree of Sum of Mean 
variation freedom squares square F 
Varieties 3 62.95 20.98 
* * 
3.85 
Temperature 
T1 
2 
1 
1471.07 
1407.60 
735.53 
1407.60 
134.89**** 
258.15**** 
Tq 1 63.47 63.47 
**** 
11.64 
Temp. X variety 30.48 5.08 .93 
Vl,2 '3,4 * T1 1 4.86 4.86 .89 
vs. Vg X T1 1 .37 .37 .07 
Vg vs. X T1 1 15.19 15.19 2.79 
Vl,2 *3,4 " Tq 1 2.35 2.35 .43 
vs. Vg X Tq 1 .51 .51 .09 
vs. X Tq 1 7.20 7.20 1.32 
Error 24 130.86 5.45 
= variety Shelby, Vg = variety Clark, = variety 
Mandarin, = variety Hawkeye. 
T = temperature 
q = quadratic 
1 = linear 
* * 
Indicates significance at P = 0.025. 
**** 
Indicates significance at P = 0.005. 
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Table 8. Analysis of variance of cotyledon dry weights in 4 
varieties of 9-day, dark grown, soybean seedlings 
as 4 X 3 factorial analysis 
Source of Degree of 
variation freedom 
Sum of 
squares 
Mean 
square F 
Varieties 3 1139.18 379.72 
**** 
16.15 
Temperature 2 9985.10 4992.55 
**** 
212.31 
T1 1 9959.30 9959.30 423.53**** 
Tq 1 25.80 25.80 1.10 
Temp. X variety 477.05 79.51 
** 
3.38 
*1,2 *3,4 X T1 1 286.35 286.35 12.18*** 
vs. Vg X T1 1 1.76 1.76 0.07 
VS. X T1 1 0.041 0.041 0.00 
^1,2 *3,4 == ^9 178.29 178.29 
* 
7.58 
VS. Vg X Tq 1 7.65 7.65 0.33 
VS. X Tq 1 2.95 2.95 0.13 
Error 24 564.35 23.51 
= variety Shelby, = variety Clark, = variety 
Mandarin, = variety Hawkeye. 
T = temperature 
q = quadratic 
1 = linear 
* * 
*** 
**** 
Indicates significance at P = 0.05. 
Indicates significance at P = 0.025. 
Indicates significance at P = 0.01. 
Indicates significance at P = 0.005. 
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c. ^ hypocotyls Hypocotyl dry weights of Mandarin 
and Hawkeye increased between 20 and 25°C but little change 
was observed between 25 and 30°C. On the other hand, those 
of Clark and Shelby decreased between 20 and 30®C, reached 
a minimum at 25°C and increased between 25 and 30°C (Figure 
4C and Table 9). Statistical analysis in Table 10 shows 
that the interaction of hypocotyl dry weights of Clark and 
Shelby versus Mandarin and Hawkeye with temperature is signifi­
cant at a 0.5% level of probability when fitted to a quadratic 
model. 
Although hypocotyl dry weights of Clark and Shelby are 
at a minimum and hypocotyls remain short at 25®C they are 
thicker than when grown at 20 and 30°C. There is almost no 
difference in hypocotyl thickness of Mandarin and Hawkeye 
at all three temperatures, as judged by visual observation 
and the dry weights per unit hypocotyl length as shown in 
Table 11. At 25®C, the fresh and dry weights per cm of Clark 
are 60.1 and 4.3 mg/cm respectively, whereas those of: Mandarin 
are 41.5 and 1.8 mg/cm. No such difference in dry weight 
per cm was observed between the 4 varieties at 20 and 30®C. 
Fresh weight was not determined at 20 and 30°C because no 
unusual growth of hypocotyls was observed at these tempera­
tures. The considerable differences in fresh and dry weights 
per unit length between Mandarin and Clark indicates that the 
greater lateral growth of Clark at 25®C is due both to more 
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water and more dry matter per unit length of hypocotyl. 
This lateral growth has been observed in all short hypocotyl 
varieties (Clark, Shelby, Ford, Amsoy) tested at 25°C. 
Table 9. Hypocotyl dry weights of 4 varieties of 9-day, 
dark-grown, soybean seedlings as a function of 
temperature 
Hypocotyl dry weight (mg)^ 
Temperature 
(°C) Shelby 
Variety 
Clark Mandarin Hawkeye 
20 32.1 34.4 39.5 34.5 
25 28.9 29.4 46.0 41.6 
30 38.6 40.6 46.4 41.3 
^Each value is the mean of 3 replications and each 
replication consisted of 15 seedlings. 
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Table 10. Analysis of variance of hypocotyl dry weights 
in 4 varieties of 9-day, dark-grown soybean seed 
lings as 4 X 3 factorial analysis 
Source of Degree of Sum of Mean 
variation freedom squares square F 
Varieties 3 624.77 208.26 
**** 
43.07 
Temperature 2 291.52 145.76 
**** 
30.14 
T1 1 261.36 261.36 
**** 
54.05 
Tq 1 30.16 30.16 6.24** 
Temp. X varieties 6 230.91 38.48 7.96**** 
' l ,2  ^3,4 == T1 1 0.28 0.28 0.06 
vs. Vg X T1 1 0.04 0.04 0.01 
Vg vs. X T1 1 0.01 0.01 0.00 
*1,2  •^3,4 ^  
Tq 1 227.55 227.55 
**** 
47.06 
vs. Vg X Tq 1 2.51 2.51 0.52 
vs. X Tq 1 0.51 0.51 0.11 
Error 24 116.06 4.83 
- variety Shelby, = variety Clark, = variety 
Hawkeye, = variety Mandarin; T = temperature; 
q = quadratic; 1 = linear 
** 
Indicates significance at P = 0.025. 
**** 
Indicates significance at P = 0.00 5. 
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Table 11. Dry weights per unit length of hypocotyl of 4 
varieties of 9-day, dark grown, soybean seed­
lings as a function of temperature 
Hypocotyl dry weight per unit length (mq/cm) ^ 
Temperature Variety 
(°C) Clark Shelby Mandarin Hawkeye 
20 1.6 1.4 1.6 1.8 
25 4.3 3.7 1.8 1.8 
30 1.9 1.9 2.1 1.9 
^Each value is the mean of 3 replications and each 
replication consisted of 15 seedlings. 
d. ^ roots Root dry weights of Mandarin and Hawkeye 
increased between 20 and 25®C and slightly declined between 
25 and 30®C.. Those of Clark and Shelby increased more 
between 20 and 25°C and declined sharply between 25 and 30®C 
(Figure 4D and Table 12). Statistical analysis in Table 13 
shows an interaction of temperature -with root dry weights of 
Clark and Shelby versus those of Mandarin and Hawkeye, which 
is significant at a 0.5% level of probability when fitted to 
a quadratic model. 
Table 12. Root dry weights of 4 varieties of 9-day, dark 
grown,soybean seedlings as a function of -temperature 
Temperature 
(°c)  
Root dry weight (mg) a 
Shelby Clark 
Variety 
Mandarin Hawkeye 
20 10 .5  10 .9  9 . 5  10 .0  
25  23 .0  22 .8  13 .7  15 .0  
30  17 .0  16 .1  16 .4  17 .5  
^Each value is the mean of 3 replications and each 
replication consisted of 15 seedlings. 
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Table 13. Analysis of variance of root dry weights of 4 
varieties of 9-day dark grown soybean seedlings 
as a 4 X 3 factorial analysis 
Source of Degree of Sum of Mean 
variation freedom squares square F 
Varieties 3 86.85 28.95 17. 
**** 
42 
Temperature 2 466.37 233.18 140. 
**** 
29 
T1 1 253.50 253.50 152. 
**** 
51 
Tq 1 212.87 212.87 128. 
**** 
07 
Temp. X varieties 139.79 23.30 14. 
**** 
02 
^1,2 ^3,4 ^  T1 1 2.94 2.94 1. 77 
vs. Vg X T1 1 1.33 1.33 0. 80 
Vg vs. X T1 1 0.27 0.27 0. 16 
**** 
24 
*1.2  *3 ,4  
Tq 1 135.03 135.03 81. 
vs. Vg X Tq 1 0.00 0.00 0. 00 
Vg vs. X Tq 1 0.22 0.22 0. 13 
Error 24 39.89 1.66 
= variety Shelby, Vg = variety Clark, = variety 
Mandarin, = variety Hawkeye 
T = Temperature 
q = quadratic 
1 = linear 
**** 
Indicates significance at P = 0.005. 
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e. Total dry matter Figure 4E and Table 14 show 
that the total dry matter of Hawkeye does not change between 
20 and 25whereas that of Mandarin decreases. Between 
25 and 30®C both varieties decrease in dry matter in a paral­
lel manner. On the other hand, the dry matter of Clark and 
Shelby increases between 20 and 25®C and decreases between 
25 and 30°C (Figure 4E and Table 14) in parallel with the 
other 2 varieties. It should be mentioned that the average 
seed dry weights of Shelby, Clark, Mandarin and Hawkeye are 
151.9, 155.4, 157.0 and 168.7 mg respectively. This order 
of seed weights matches the order of seedling dry weights 
at 20 and 30®C (Figure 4E) but fails to explain the inter­
action of temperature with the two distinct types of variety. 
Table 14. Dry weight per seedling of 4 varieties of 9-day, 
dark grown soybean seedlings as a function of 
temperature 
Dry weight per seedling (mg) ^ 
Temperature Variety 
(°C) Shelby Clark Mandarin Hawkeye 
20 127.8 131.1 144.4 152.4 
25 134.6 138.6 136.5 152.7 
30 120.4 123.0 124.4 137.6 
^Each value is the mean of 3 replications and each 
replication consisted of 15 seedlings. 
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The reason that the total dry matter is maximal at 25®C 
in seedlings of Clark and Shelby is apparently because of 
an inhibition of respiration at this temperature. This 
reduced respiration is of particular interest in view of 
the inhibitory effect of this temperature on hypocotyl 
elongation. 
The fact that cotyledons of all 4 varieties lost dry 
matter as a linear function of the increasing temperature 
(Figure 4B and Table 8) indicates that the shortening of 
the hypocotyls of Clark and Shelby at 25®C is not due to a 
lack of translocation from the cotyledons. It shows that an 
adequate amount of dry matter for normal growth of the seed­
lings has been translocated out of cotyledons at this tempera 
ture. Figure 4F also supports this supposition by showing 
that the cumulative dry weights of the seedling axis—the 
epicotyls, hypocotyls and roots—of all 4 varieties increase 
in a parallel manner with increasing temperature. Therefore, 
the question becomes: To what part of the seedling is this 
dry matter translocated in Clark and Shelby when grown at 
25°C and how does this differ from Mandarin and Hawkeye? 
As is shown in Figure 4C,D more of the dry matter of 
Clark and Shelby appears to be translocated directly from 
the cotyledons to the roots and less to the hypocotyls at 
25®C than at 20 or 30®C (Tables 9, 12). At 25®C, varieties 
Mandarin and Hawkeye incorporated 33.7 and 27.3% of their 
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total dry weight into the hypocotyl, whereas Clark and Shelby 
incorporated only 21.2 and 21.4%, respectively (Table 15). 
Also at 25*C, Mandarin and Hawkeye incorporated 10.0 and 9.8% 
of their total dry weight into roots, whereas Clark and Shelby 
incorporated 16.4 and 17.1%, respectively (Table 15). This 
increased root dry weight is due to more, longer, and thicker 
lateral roots and not to an increased length of the primary 
root (Table 16). In conclusion the data on dry matter 
distribution demonstrate that the inhibition of hypocotyl 
elongation in Clark and Shelby at 25®C is associated with a 
striking shift in shoot to root ratio (Table 17) and a 
decreased respiration and is not due to a lack of dry matter 
translocation from cotyledons. Long hypocotyl varieties. 
Mandarin and Hawkeye, do not exhibit these changes with 
temperature. 
Table 15. Dry matter distribution as a function of tempera­
ture in 4 varieties of soybean seedlings grown in 
the dark for 9 days 
Tempera- Per cent of total dry weight 
Variety ture (°C) Epicotyl Cotyledons Hypocotyl Roots 
Shelby 20 2.7 64.0 25.1 8.2 
Clark 2.5 62.8 26.2 8.3 
Mandarin 1.9 64.1 27.3 6.6 
Hawkeye 2.1 68.7 22.6 6.6 
Shelby 25 9.7 51.7 21.4 17.1 
Clark 9.1 53.3 21.2 16.4 
Mandarin 8.7 47.6 33.7 10.0 
Hawkeye 11.2 51.6 27.3 9.8 
Shelby 30 14.5 39.2 32.2 14.1 
Clark 14.7 40.1 32.5 12.7 
Mandarin 13.3 36.6 37.1 13.0 
Hawkeye 15.7 41.6 30.0 12.7 
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Table 16. Primary root lengths of 4 varieties of 9-day, dark 
grovm soybean seedlings as a function of tempera­
ture 
Length ( cm) ^ 
Temperature 
CO Clark 
Variety 
Shelby Mandarin Hawkeye 
20 
25 
30 
14.9 
27.8 
30.6 
15.1 14.0 
28.8 27.0 
29.6 29.3 
17.7 
31.5 
29.4 
^Each value is the mean 
replication consisted of 15-
of 2 replications and 
20 seedlings. 
each 
Table 17. Shoot to root ratio of 4 varieties of 9-day, dark 
grown soybean seedlings as a function of tempera­
ture 
Shoot/root ratio^ 
1 
Temperature 
(°C) Clark 
Variety 
Shelby Mandarin Hawkeye 
20 
25 
30 
3.4 
1.8 
3.3 
3.4 4.4 
1.8 4.2 
3.6 3.8 
3.8 
3.9 
3.6 
^Shoot = epicotyl + hypocotyl. 
4. Hypocotyl and primary root elongation as a function of 
time 
Measurements of lengths of hypocotyls and primary roots 
of the varieties Clark, Shelby, Mandarin and Hawkeye were 
made at frequent intervals (10-50 hr) after planting at 20, 
25, and 30°C. Results for only one short and one long 
hypocotyl variety are presented in Figure 5, though two of 
Figure 5. Elongation of hypocotyls (A and B) and primary 
roots (C and D) of Mandarin and Clark (a long 
and a short hypocotyl variety, respectively) as 
a function of temperature and time after planting 
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each were studied. Results obtained with the other varieties 
were similar with the exception of those results illustrated 
in Figures 6 and 7, 
a. Hypocotyls At 20*C (Figures 5A,B), hypocotyls 
of Clark and Mandarin grew at approximately the same rate and 
were still growing after 220 hours (9.2 days). Their hypo-
cotyl lengths at this time were 17.8 and 18.2 cm, respectively. 
Hawkeye and Shelby behaved in a similar manner and had hypo-
cotyl lengths of 17.0 and 19.8 cm, respectively. 
At 25®C (Figure 6), hypocotyls of all 4 varieties 
attained approximately the same lengths 72 hours (3 days) 
after planting. Thereafter, the growth rates of Mandarin 
and Hawkeye exceeded that of Shelby and Clark. Hypocotyls 
of Mandarin and Hawkeye (long hypocotyl varieties) continued 
to grow at a high and constant rate until about 144 hours 
(6 days) when their growth decelerated. Hypocotyls of Clark 
and Shelby (short hypocotyl varieties) decelerated a day 
earlier (at 5 days). Growth of all varieties ceased at 180-
210 hours (7.5-9 days). The long hypocotyl varieties 
attained a final length of 20-22 cm, whereas the short hypo­
cotyl varieties only attained a length of 10-12 cm. 
At 30®C (Figures 5A,B, and 7), the rates of hypocotyl 
growth of Clark, Mandarin and Hawkeye increased until 56 hours 
(2.1 days) after planting when all attained approximately 
equal and constant rates which persisted until 120-130 hours 
Figure 6. Hypocotyl lengths of 4 varieties of soybean 
as a function of time at 25®C 
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Figure 7. Elongation of hypocotyls and primary roots of 
Hawkeye and Mandarin (2 long hypocotyl varieties) 
at 30®C as a function of time after planting 
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(5-5.4 days). Thereafter a rapid decline in rate occurred 
and all ceased growth entirely at 150-160 hours (6.2-6.7 
days). The average final lengths for Clark, Mandarin and 
Hawkeye were 21.8, 20.7, and 18.1 cm, respectively. Similar 
results were obtained with the variety Shelby; the average 
final length was 20.8 cm. Hypocotyls of the variety Hawkeye 
attained the shortest average length at both 20 and 30®C. 
At 25®C, their average length was less than that of Mandarin 
(Figure 6), just as the other two temperatures, but it 
greatly exceeded those of Clark and Shelby at this tempera­
ture. 
b. Primary roots At 20°C (Figure 5C,D), roots 
of Mandarin and Clark attained to constant, but slightly 
different rates at 80 hours (3.3 days) and maintained these 
until 180-190 hours (7.5-7.9 days) when all decelerated. 
At 220 hours (9.2 days), the time of last measurement, roots 
of both varieties were still growing. The average final 
root lengths were 13.9 and 13.8, respectively, for Mandarin 
and Clark, Shelby roots grew the same way and attained a 
final average length of 15.9 cm. Variety Hawkeye at 220 hours 
(9.2 days) had a longer final root length (18.6 cm) than the 
other 3 varieties because it started to grow faster at 160-
170 hours (6.7-7.1 days) and continued this until 240 hours. 
At 25®C (Figure 5C,D), roots of Mandarin and Clark 
attained constant but slightly different rates at 72 hours 
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(3 days) and maintained these until 145-150 hours (6 days) 
when.both decelerated. Growth ceased entirely at 220-230 
hours (9.2-9.6 days). The mean final root lengths were 29.4 
and 27.8 cm, respectively, for Mandarin and Clark. Shelby 
grew similarly and had a final length of 27.5 cm. Hawkeye 
grew like the others except at 140-145 hours (6 days), when 
the others decelerated, it decelerated more gradually and 
attained a longer final root length (32.0 cm). 
At 30°C (Figures 5C,D, and 7), roots of Mandarin, Clark 
and Hawkeye elongated at approximately the same and constant 
rates until 120-125 hours (5.0-5.2 days) when all decelerated. 
Growth was complete at 150 hours (6.2 days). Roots of Hawkeye 
grew for a longer period and attained to a greater final 
length (31.0 cm as compared to an average of 29.0 cm for 
the other varieties) just as they did at 20 and 25®C. Roots 
of Shelby grew in a manner similar to those of Mandarin and 
Clark. 
In summary, growth of hypocotyls at 30°C ceased within 
150 hours (6.2 days), whereas growth at 25®C did not cease 
until after 180 hours (7.5 days). At 20°C, hypocotyls of 
both varieties were still growing after 240 hours (10 days). 
Growth of the roots at 30°C was completed within 140-150 
hours (5.8-6.2 days) whereas at 25 and 20®C growth was not 
complete until after 180 hours (7.5 days) and 240 hours, 
respectively. 
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It is apparent that the growth rates of both hypo-
cotyls and roots of the 4 varieties increased as temperature 
was raised from 20 to 30®C. Hypocotyls of the varieties 
Clark and Shelby grew faster initially at 25°C than at 20®C, 
but later growth was inhibited at 25°C. As a result of this 
their growth rates dropped below those at 20 and 30°C. The 
duration of the growth period in both hypocotyls and roots 
of all four varieties was shortened as temperature was 
increased. 
5. Hypocotyl elongation as affected by temperature sequencing 
a. Response to 20 and 25°C Plants of the short 
hypocotyl variety, Clark, were grown from seed at 25®C for 
varied lengths of time and transferred to 20®C for the 
remainder of an 11-day growth period. Others were grown at 
20®C for varied lengths of time and transferred to 25°C 
(Table 18). 
As Figure 8 shows, an increasing duration of time at 
25®C followed by growth at 20®C for the balance of an 11-day 
period results in further and further inhibition of hypocotyl 
elongation until 157 hours when the inhibition (65% of the 
length at continuous 20®C) becomes maximal. A further dura­
tion at 25°C has no further effect; the 11-day length remains 
about 8.4-8.7 cm. Note that the inhibitory effect of 25®C 
is greatest between 48 and 120 hours with lesser effects 
between 0 and 48 hours and between 120 and 157 hours. 
71 
Table 18. Hypocotyl lengths of seedlings of Clark grown at 
one temperature for varied lengths of time and 
then transferred to another for the remainder of 
an 11-day growth period 
Time (hr) 11-day hypocotyl length (cm) 
at the first . 
temperature 25 -»• 20 ®C 20 + 25®C 
48 22.1 - 8.4 
84 16.2 10.9 
120 11.1 18.8 
157 8.5 21.5 
180 8.4 22.4 
264 9.0 23.8 
^Each value is the mean of 2 replications and each 
replication consisted of 15 seedlings. 
^"20 25" means plants were transferred from 20 to 25°C 
after they were grown at 20®C for the number of hours indi­
cated in the left column. 
As Figure 8 also shows, increasing the duration of time 
at 20"C beyond 48 hours (followed by 25°C) results in pro­
gressively further stimulation of hypocotyl elongation as 
measured after 11 days' growth. Note that the stimulating 
effect of 20®C is greatest between 48 and 120 hours just as 
was the inhibiting effect of 25°C. 
The average hypocotyl length at 20°C is about 3.6 cm 
(Figure 5B) at 120 hours (5 days after planting). When 
the plants are transferred to 25°C and grown for another 
144 hours (6 days) their hypocotyls attain a final length 
of 18.8 cm (Table 18). On the other hand, plants grown at 
25°C attain an average hypocotyl length of 7.4 cm at 120 
Figure 8. Change in 11-day lengths of hypocotyls of Clark when grown at one 
temperature for varied lengths of time and then transferred to 
another for the remainder of an 11-day growth period 
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hours (5 days. Figure 6). After 144 hours (6 days) of 
growth at 20®C their final length is only 11.1 cm (Table 18). 
b. Response to 30 and 25°C Variety Clark was grown 
from seed at 25®C for varied lengths of time and transferred 
to 30°C for the remainder of a 9-day growth period. Others 
were grown at 30*C for varied lengths of time and then 
transferred to 25°C (Table 19). 
Table 19. Hypocotyl lengths of seedlings of Clark grown at 
one temperature for varied lengths of time and 
then transferred to another for the remainder of 
a 9-day growth period 
Time (hr) 9-day hypocotyl length (cm)^ 
at the first 
temperature 25 ->• 30°C 30 -»• 25°C 
28 19.5 14.0 
44 18.8 -15.0 
68 14.9 17.4 
76 14.9 18.0 
112 12.3 18.3 
144 11.5 19.1 
216 9.8 20.0 
^Each value is the mean of 3 replications and each 
replication consisted of 12-15 seedlings. 
As Figure 9 shows, an increasing duration of time at 
25®C followed by growth at 30®C for the balance of a 9-day 
period results in progressively further inhibition of hypo­
cotyl elongation. Continuous growth at 25®C results in 
maximum inhibition (51% of the length at continuous 30°C). 
Perhaps the inhibitory effect of 25®C is greater between 44 
Figure 9. Change in 9-day lengths of hypocotyls of Clark when grown from seed at 
one temperature for varied lengths of time and then transferred to 
another for the remainder of a 9-day growth period 
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and 68 hours, but this is not supported by the statistical 
analysis (Table 20) which suggests that the hypocotyl elonga­
tion is linear with respect to the duration of time at 25®C 
(Figure 9), 
Table 20. Analysis of variance (2x3 factorial) for hypo­
cotyl lengths in the experiment for which results 
are presented in Table 19 
Source of 
variation 
Degree of 
freedom 
Sum of 
squares 
Mean 
square F 
* ** 
Temperature 
Hours in the growth 
chamber prior to 
temperature 
change 
«L 
"q 
H X T 
Vl 
Error : 
65.04 
18.57 
15.67 
0.197 
225.91 
234.18 
3.12 
41.35 
65.04 
3.09 
15.67 
0 . 2 0  
37.66 
234.18 
3.12 
1.97 
33.03 
1.57 
7.96' 
0.10 
i 
19.12 
118.93' 
1.59 
* * 
*** 
*** 
H = hours in the growth chamber prior to temperature 
change 
T = temperature 
L = linear 
q = quadratic 
** 
*** 
Significant at P = 0.025. 
Significant at P = 0.01. 
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As Figure 9 also shows, kn increasing duration of 
time at 30®C results in progressively further stimulation 
of hypocotyl elongation. Note that the stimulatory effect 
appears to be greatest during the first 28 hours and is 
generally greater in the period between 0 and 76 hours than 
later. 
In summary, the short hypocotyls of the variety Clark 
at 25®C can be stimulated to elongate and grow normally if 
seedlings are exposed to 20 or 30®C for the first 5 or 3 
days, respectively, after planting. 
6. Low temperature pretreatment 
Seeds of the short hypocotyl variety, Clark, were 
soaked in water at 4®C for 2, 11, and 30 days and then were 
\ 
planted at 25'C and were grown in the dark for 9 days in 
the usual manner. This chilling pretreatment did not stimu­
late the subsequent elongation of hypocotyls (Table 21). 
Table 21. Hypocotyl lengths of seedlings of Clark grown 
in the, dark at 25®C for 9 days& 
b Days at 4®C Hypocotyl length (can) 
0 (control) 10.5 
2 10.5 
11 8.0 
30 8.0 
^Seeds were soaked in water at 4°C for various intervals 
prior to planting at 25®C. 
^Each value is the mean of 2 replications and each 
replication consisted of 15-20 seedlings. 
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7. Effects of physical stress 
To study the effects of physical stress on the hypocotyl 
growth of Mandarin and Clark, seeds were planted in sand at 
the depth of 10 cm or in paper towels in the usual manner 
and grown at 25®C in the dark. After 9 days it was found 
that hypocotyl lengths of both varieties grown in sand were 
shorter and thicker than the ones grown in paper towels 
(Table 22). Goeschl et a^. (35) also found that physical 
stress caused pea epicotyls to become shorter and thicker. 
Table 22. Effects of physical stress on hypocotyl growth in 
Clark and Mandarin seedlings after 9 days in the 
dark at 25®C 
Clark Mandarin 
Paper 10 cm in Paper 10 cm in 
towels sand towels sand 
Hypocotyl length (cm) 7.8 4.9 26.5 21.4^ 
Hypocotyl dry weight 
per unit length 
(mg/cm) 4.0 5.8 1.8 3.3 
^Each value is the mean of 50 seedlings. 
In summary, the varieties Clark and Shelby aquire 4 
conspicuous features at 25®C which distinguish them from 
the same varieties grown at 20 or 30®C and from the varieties 
Mandarin and Hawkeye grown at all 3 temperatures. These 
features are as follows: (1) shorter hypocotyls, (2) swelling 
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of hypocotyls which results in an increase in fresh and dry 
weights per unit length, (3) greater root dry matter, and 
(4) a smaller shoot to root ratio. 
B. Physiological Bases for the Anomalous Tempera­
ture Dependence of Short Hypocotyl Varieties 
1. Reversal or mimicry with plant growth regulators 
Growth regulators including lAA, gibberellic acid (GA^), 
kinetin, PCIB (p-chlorophenoxy-isobutyric acid), ethylene, 
COg and Og were applied at various concentrations to seedlings 
of variety Clark at 25®C. lAA and ethylene were also applied 
to variety Mandarin at this temperature. It was expected 
that one or more of these regulators would either revert the 
short hypocotyl pattern in Clark at 25®C to a normal pattern 
or further exaggerate the short hypocotyl pattern. Con­
versely, it was expected that one or more of these would 
mimic in Mandarin the effects of a temperature of 25®C on 
Clark. As will be shown below, all of these expectations 
were met. 
a. Gibberellic acid (GA^) Three concentrations of 
gibberellic acid were tested: 0.01, 0.1 and 0.5% in*lanolin 
(Table 23). All concentrations of gibberellic acid reduced 
epicotyl dry weights of Clark with the largest reduction 
at the highest concentration tested (0.5%). Cotyledon dry 
weights were not appreciably affected by any concentration. 
All gibberellic acid treatments increased hypocotyl lengths 
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(Figures 10, and IIC) after 9 days' growth at 25®C and some­
what decreased their dry weights per unit length (Table 23). 
The latter effect resulted both from an increase in total 
dry weight per hypocotyl and an increase in length relative 
to controls at all 3 concentrations. The largest increase 
in length (57%) was obtained with 0.1% gibberellic acid. 
This same concentration decreased the dry weight per unit 
length by 20%. 
Table 23. Effects of various concentrations of GA3 on the 
9-day growth of seedlings of Clark at 25®C in 
the dark 
GA3 concentration (%) 
0 0 .01 0. 1 0.5 
Epicotyl dry weight (mg) 20.8 16 .9 16. 5 15.7* 
Cotyledon dry weight (mg) 68.6 67 .8 64. 2 70.3 
Hypocotyl dry weight (mg) 34.4 43 .2 43. 3 41.4 
Hypocotyl length (cm) 8.9 12 .9 14. 0 11.8 
Hypocotyl dry weight per 
unit length (mg/cm) 3.9 3 .3 3. 1 3.5 
Primary root length (cm) 23.4 22 .9 21. ,1 21.8 
Shoot to root ratio (dry wt) 5.5 6 .5 8. 0 6.7 
^Each valvie is the mean of 32-35 seedlings each measured 
individually. 
Figure 10. Effects of GA- and lAA on the 9-day growth 
of Clark seedlings at 25®C in the dark 
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Figure 11. Effects of various concentrations of GA3, kinetin and lAA on primary 
root elongation (A), total root dry weight (B), and hypocotyl 
elongation (C) of Clark seedlings grown at 25®C for 9 days in the 
dark. (D) Effects of CO2 concentration on (1) hypocotyl lengths, 
(2) root dry weights and (3) primary root lengths of Clark seedlings 
grown as above 
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All concentrations of gibberellic acid slightly inhibited 
primary root elongation and decreased total root dry weights 
with the greatest decrease at a concentration of 0.1% 
(Table 2 3 ,  Figures llA and IIB). As a result, shoot to root 
ratios were affected considerably by all 3 concentrations and 
most by 0.1%. As shown in Table 24, one of the most striking 
effects of a temperature of 25"C is the decrease in shoot 
to root ratios of Clark and Shelby seedlings. A concentration 
of 0.1% gibberellic overcomes this effect best and increases 
the ratio of Clark from 5.5 to 8.0, which approaches those 
of the untreated, long hypocotyl varieties Mandarin (9.0) 
and Hawkeye (9.2) at the same temperature. 
Table 24. Shoot to root ratios of 4 varieties of 9-day, dark 
grown seedlings as a function of temperature 
Shoot/root ratio (dry wt)^ 
Temperature 
(®C) Shelby Clark Mandarin Hawkeye 
20 11.2 11.0 14.2 14.2 
25 00
 
5.1 9.0 9.2 
30 6.1 6.7 6.6 6.9 
^Shoot = epicotyl + cotyledons + hypocotyl. 
b. Kinetin Three concentrations of kinetin in 
lanolin were tested: 0.01, 0.1 and 0.5% (Table 25). All 
concentrations of kinetin reduced epicotyl dry weights of 
Clark with the largest reduction at the highest concentration 
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(0.5%) tested. Cotyledon dry weights increased as the con­
centration of kinetin increased. Hypocotyls decreased in 
length and swelled as the concentration of kinetin was 
increased (Figure IIC and Table 25). A concentration of 0,5% 
decreased hypocotyl length by 52% and increased the dry 
weight per unit length by 113%. It had almost no effect on 
the total dry weights of hypocotyls and roots (Figure IIB). 
Also there was essentially no change in shoot to root ratios 
(Table 25). 
Table 25. Effects of various concentrations of kinetin on 
the 9-day growth of seedlings of Clark at 25®C 
in the dark 
Kinetin concentration (%) 
- 0. 0 0.01 0 .1 0. 5 
Epicotyl dry weight (mg) 17. 3 12.1 10 .5 11. 2 
Cotyledons dry weight (mg) 64. 4 68.6 68 .0 74. 8 
Hypocotyl dry weight (mg) 32. 9 33.7 33 .8 34. 2 
Hypocotyl length (cm) 8. 5 5.9 4 .7 4. 1 
Hypocotyl dry weight per 
unit length (mg/cm) 3. 9 5.7 7 .2 8. 3 
Primary root length (cm) 22. 6 23.4 19 .7 19. 6 
Root dry weight (mg) 20. 2 21.9 19 .5 22. 1 
Shoot to root ratio 
(dry wt.) 5. 7 5.2 5 .7 5. 4 
^Each value is the mean of 25-30 seedlings each, measured 
individually. 
88 
The inhibition of elongation and promotion of lateral 
expansion in hypocotyls caused by kinetin might be due to 
its stimulation of ethylene production. It has been shown 
by Fuchs and Lieberman (29) that kinetin stimulates ethylene 
production in etiolated seedlings of pea, radish, bean, and 
cucumber. They suggest that this ethylene may be responsible 
for the effects of the kinetin in inhibiting pea seedling 
elongation and causing its lateral expansion. These two 
effects can be duplicated in many plants (including pea 
epicotyls and soybean hypocotyl) by application of ethylene 
to them (13, 22, 44, 55, 65). 
c. Indole-3-acetic acid (lAA) Four concentrations 
of lAA in lanolin were tested: 0.001, 0.01, 0.1, and 0.5% 
(Table 26). All concentrations reduced epicotyl dry weights 
of Clark with the largest reduction at the highest concentra­
tion tested (0.5%). Cotyledon dry weights were not appreci­
ably affected by any concentration. Hypocotyls decreased 
in length and swelled more as the concentration of lAA 
was increased (Figures 10, IIC). A concentration of 0.5% 
decreased the length by 54% and increased the dry weight per 
unit length by 118%. lAA had little or no effect on the 
total hypocotyl dry weights except for the concentration 
of 0.01% which increased the total dry weight by 14%. Primary 
root lengths decreased and the total root dry weights increased 
as the concentration of lAA increased (Figure 11A,B). This 
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increase in root dry weight was due to longer and more 
lateral roots, and to thicker primary and lateral roots 
(Figure 10). Shoot to root ratios decreased as the concentra 
tion of lAA increased (Table 26). 
Table 26. Effects of various concentrations of lAA on the 
9-day growth of seedlings of Clark at 25°C in 
the dark 
lAA concentration (%) 
0 0.001 0.01 0.1 0.5 
Epicotyl dry weight 
(mg) 
20. 8 17.7 4.4 2.4 1.8® 
Cotyledons dry weight 
(mg) 
68. 6 69.1 67.4 73.7 69.7 
Hypocotyl dry weight 
(mg) 
34. 4 32.2 39. 3  35.3 34.1 
Hypocotyl length (cm) 8. 8 7.3 6.8 5.0 4,0 
Hypocotyl dry weight per 
unit length (mg/cm) 3. 9 4.4 5.8 7.1 8.5 
Primary root length (cm)23. 5 24.0 19.7 18.5 16.8 
Root dry weight (mg) 22. 3 22.3 30.3 32.4 37.5 
Shoot to root ratio 
(dry wt) 5. 5 5.3 3.7 3.4 2.8 
^Each value is the mean of 32-35 seedlings each measured 
individually. 
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Application of 0.1% lAA to the long hypocotyl variety, 
Mandarin, at 25°C decreased epicotyl dry weight. It reduced 
hypocotyl length and increased its dry weight per unit 
length by 54% and 184%, respectively (Figure 12 and Table 27). 
This same lAA concentration inhibited primary root elongation 
and increased root dry weight. It increased hypocotyl dry 
weight and slightly decreased cotyledon dry weight. The 
shoot to root ratio decreased from 8.7 to 6.1 in response 
to this treatment. 
The reason that lAA decreases epicotyl dry weights in 
both Clark and Mandarin is because it delays the completion 
of hypocotyl elongation. Figure 13 shows how 0.1% lAA 
delayed the completion of hypocotyl growth by reducing its 
rate. It also decreased final hypocotyl length. 
It has been demonstrated by Burg and Burg (14), Thimann 
(79), Looney (57), Zimmerman and Wilcoxon (89) and others (4, 
44) that a supraoptimal concentration of auxins stimulates root 
production, inhibits root, stem and hypocotyl elongation and 
causes swelling in many plant tissues. It is interesting to 
note that the growth features exhibited by the short hypocotyl 
variety, Clark, at 25°C (short and thick hypocotyl and primary 
root; increased lateral root production) are all similar to 
those of auxin application and can be duplicated in the long 
hypocotyl variety. Mandarin, by application of 0.1% lAA to it. 
Since these growth features of Clark also are all magnified 
Figure 12. Effects of lAA on the 9-day growth of dark 
grown, seedlings of Mandarin at 25®C 
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Table 27. Effects of lAA and ethylene on the 9-day growth 
of seedlings of Mandarin at 25®C in the dark 
lAA Initial ethylene y 
concentration (%) concentration (ppm) 
0 0.1 0 3 
Epicotyl length (cm) — — 5.2 0.7 
Epicotyl dry weight 
(mg) 9.8 1.7 8.8 1.2 
Cotyledon dry weight 
(mg) 59.5 56.6 64.6 72.5 
Hypocotyl dry weight 
(mg) 56.8 65.3 38.6 56.9 
Hypocotyl length (cm) 20.8 9.5 20.7 11.6 
Hypocotyl dry weight 
per unit length 
(mg/cm) 2.5 7.1 2.0 5.0 
Hypocotyl fresh 
weight (mg) — — 805.3 1104.4 
Hypocotyl fresh weight 
per unit length 
(mg/cm) 40.0 94.3 
Primary root length 
(cm) 28.2 25.5 20.2 14.8 
Root dry weight (mg) 14.5 
I—1 o
 17.1 19.2 
Shoot to root ratio 8.7 6.1 6.5 6.8 
^Each value is the mean of 30 seedlings. lAA was applied 
in lanolin after 72 hours and was reapplied after 120 hours. 
Each value is the mean of 14-16 seedlings each measured 
individually. 
\ 
Figure 13. Effect of 0.1% lAA on hypocotyl elongation in varieties Clark and 
Mandarin when grown at 25®C in the dark 
lAA was applied in lanolin to the hypocotyls 72 hours after 
planting. 
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by the application of lAA to it, therefore it is postulated 
that the production of excessive endogenous lAA at 25®C 
is responsible for the growth features exhibited by Clark 
at this temperature. Heide (42) found that temperatures 
between 24 to 27°C stimulated the production of endogenous 
lAA in leaf cuttings of Begonia, which resulted in root 
formation in petioles of these leaves. 
d. Ethylene Ethylene mimicks lAA in almost every 
respect. Table 28 and Figure 14 show that 1 and 3 ppm ethy­
lene inhibited hypocotyl and primary root elongation and 
increased hypocotyl swelling and root dry weights of Clark, 
A concentration of 0.1% lAA or 3 ppm ethylene had very 
similar effects on the growth of seedlings of Mandarin, a 
long hypocotyl variety (Table 27 and Figures 12, 14). 
Ethylene decreased epicotyl lengths and dry weights in both 
Clark and Mandarin and somewhat increased cotyledon dry 
weights. It increased hypocotyl fresh and dry weights of 
Mandarin and decreased those of Clark. Contrary to lAA, 
ethylene did not have much effect on the shoot to root ratio 
in variety Mandarin (Table 27) and slightly decreased that 
of Clark (Table 28), The reason that ethylene does not 
change the shoot to root ratio of Mandarin is because it 
inhibits the translocation of materials out of the cotyledons. 
The same effect of ethylene is observed on Clark (Table 28). 
lAA applied to the hypocotyl does not affect the cotyledons 
97 
in this way (Table 27), probably either because it is not 
transported into them or because auxin-induced endogenous 
ethylene evolved by the hypocotyls does not accumulate them in 
a concentration as high as the exogenous concentration tested. 
Table 28. Effects of ethylene on the 9-day growth of 
seedlings, of. Clark at .2.5.°C In the dark . 
Ethylene concentration (ppm)^ 
E^icotyl length (cm) 5.5 1.4 0.9 
Epicotyl dry weight (mg) 13.9 3.4 2.1 
Cotyledon dry weight (mg) 67.1 69.5 82.4 
Hypocotyl dry weight (mg) 26.5 25.7 20.3 
Hypocotyl length (cm) 9.2 5.5 3.5 
Hypocotyl dry weight per 
unit length (mg/cm) 3.2 4.7 5.9 
Hypocotyl fresh weight (mg) 405.7 366.5 232.4 
Hypocotyl fresh weight 
per unit length (mg/cm) 47.7 66.5 66.4 
Primary root length (cm) 17.1 14.7 12.7 
Root dry weight (mg) 21.8 23.9 24.8 
Shoot to root ratio (dry wt.) 4.9 4.1 4.2 
*Each value is the mean of 3 replications and each 
replication consisted of 4-5 seedlings. 
Figure 14. Effects of ethylene (C2H4) on the 9-day growth 
of seedlings of Clark and Mandarin at 25®C 
in the dark 
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Effects of lAA and ethylene such as inhibition of 
hypocotyl elongation, lateral expansion of hypocotyl and 
stimulation of lateral root formation and growth are all 
opposed by gibberellic acid (especially at a concentration 
of 0.1%). The opposing effects on hypocotyl growth are con­
sistent with the findings of Holm and Key (45) who showed that 
gibberellic acid opposed the inhibitory effects of 2,4-D and 
ethylene on elongation of excised soybean hypocotyls. Fuchs 
and Lieberman (29) also showed that gibberellic acid opposed 
the inhibitory effects of both lAA and ethylene on elongation 
of pea seedlings and that it decreased lateral expansion 
caused by lAA and ethylene. Others (29, 45, 73) have shown 
the opposing effects of GA and ethylene on lettuce hypocotyl 
elongation, fruit ripening and pea seedling growth. 
It has been shown that application of a supraoptimal 
concentration of lAA to pea epicotyl, sunflower hypocotyl 
(14) and roots of several plants (6, 19) stimulates the 
production of ethylene. It also inhibits root, stem and 
hypocotyl elongation and causes swelling of these (6, 14, 
19, 29). Ethylene gas has similar effects and mimicks lAA 
(6, 14, 19, 29, 44, 45, 50, 61, 65). It has also been found 
that endogenous ethylene evolves from those parts of the 
plant where lAA concentration is presumably highest (3, 10, 
31, 33, 46). Since the effects of a temperature of 25®C on 
growth of the short hypocotyl variety, Clark, are similar to 
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those of lAA and ethylene and since these effects can be 
mimicked in the long hypocotyl variety. Mandarin, by either 
of these regulators, it appears, therefore, that Clark at 25*C 
synthesizes an excessive amount of endogenous auxin and that 
this results in a stimulation of ethylene production. The 
latter in turn elicits the observed effects on growth. 
e. "Antiauxin" p^-chlorophenoxy-isobutyric acid (PCIB) 
Since the results of the previous experiments suggested that 
a supraoptimal concentration of lAA might be responsible for 
the effects of a temperature of 25®C on the growth of Clark, 
it was of interest to determine whether or not these effects 
can be overcome by application of an antiauxin such as PCIB. 
To do this, first it was necessary to find out what effects 
of exogenous lAA can be counteracted by this compound, so as 
to be able to interpret its effects when applied alone. It 
was essential to find out what effects of exogenous lAA can 
be counteracted by PCIB because the latter sometimes acts 
both as an auxin and as an antiauxin in its effects (25). 
Treatment of the hypocotyls of Clark seedlings at 25®C 
with 0.1% lAA inhibited elongation and increased the dry 
weight per unit length as shown earlier. It also inhibited 
the elongation of the primary root and increased root dry 
weights considerably as expected (Table 29 and Figure 15). 
Table 29. Effects of lAA and PCIB applied singly and together on the 9-day 
growth of seedlings of Clark at 25®C in the dark 
lAA Cone. (%) 0.1% lAA + 0.1% lAA + PCIB Concentration (%) 
0.0 0.1 0.1% PCiB 0.5% PCiB 0.01 0.1 0.5 
Epicotyl dry 
weight (mg) 15.2 
Cotyledon dry 
weight (mg) 63.6 
Hypocotyl dry 
weight (mg) 29 .4 
Hypocotyl length 
(cm) 8.3 
Hypocotyl dry 
weight per 
unit length 
(mg/cm) 3.7 
Primary root 
length (cm) 24.0 
Root dry 
weight (mg) 19 .4 
Shoot root 
ratio (dry wt.)5.6 
2.5 
73.4 
30.3 
4.2 
7.3 
2 0 . 2  
32.2 
3.3 
5.1 
81.2 
21.3 
3.5 
6.1 
18.4 
24.8 
4.3 
5.3 
82.4 
18.8 
3.2 
5.9 
15.4 
17.7 
6 . 0  
20.7 
70.8 
2 8 . 2  
7.5 
3.8 
21.9 
19.5 
6.1 
13.8 
4.3 
4.8 
20.4 
18.5 
5.9 
7.0' 
74.9 102.1 
20.1 17.0 
3.0 
5.7 
14.8 
16.9 
7.5 
^Each value is mean of 30-40 seedlings each measured individually. 
Figure 15. Effect of lAA and PCIB applied singly and 
together on primary root elongation (A), total 
root dry weight (B), and hypocotyl elongation 
(C) of Clark seedlings grown at 25*C for 9 
days in the dark 
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Addition of PCIB together with lAA in 1:1 and 1:5 ratios 
(0.1% lAA +0.1% PCIB and 0.1% lAA +0.5% PCIB, respectively) 
reduced root dry weights and hypocotyl dry weight per unit 
length, but acted in a manner similar to lAA in further in­
hibiting hypocotyl and primary root elongation (Table 29). 
When PCIB was applied alone at 3 concentrations (0.01, 
0.1, and 0.5%) in lanolin, the hypocotyl lengths and the 
primary root lengths decreased as concentration increased 
(Table 29 and Figures 15, 16). Root dry weights decreased 
(lateral root formation decreased) and hypocotyl dry weights 
per unit length increased slightly. 
Since PCIB together with lAA counteracted the lateral 
root-forming ability of lAA, therefore when it is applied 
alone and inhibits lateral root formation it is presumably 
counteracting the effect of endogenous lAA. Thimann (79) 
found that lAA stimulated lateral root production in peas 
and suggested that lateral root formation is controlled by 
lAA. 
f. Carbon dioxide and oxygen In the first series 
of experiments, plants of Clark were grown from seeds at 
25°C in initial COg concentrations of 5, 10, 15 and 20% and 
at a population of 8-10 seedlings per desiccator. As the 
COg concentration was increased the growth of the epicotyl 
was inhibited at all concentrations (Table 30). All con­
centrations increased cotyledon dry weights and hypocotyl 
Figure 16. Effects of the antiauxin, PCIB, on the 9-day 
growth of seedlings of Clark at 25®C in the dark 
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Table 30. Effect of various concentrations of CO2 on the 
12-day growth of seedlings of Clark at 25®C in 
the dark 
Initial CO? concentrations (%)^ 
0.03-0.04 5 10 15 20 
Epicotyl length (cm) 3. 2 4 .0 3. 0 1. 8^ 
Epicotyl dry weight (mg) 15. 6 11. 4 6 .8 6. 2 3. 9 
Cotyledon dry weight (mg)64. 3 68. 0 75, .0 70. 0 73. 1 
Hypocotyl dry weight (mg)28. 4 41. 8 43 .0 43. 2 39. 0 
Hypocotyl length (cm) 9. 1 8. 8 13 .5 13. 8 13. 2 
Hypocotyl dry weight 
per unit length (mg/cm) 3. 6 4. 8 3 .9 3. 7 3. 6 
Hypocotyl fresh 
weight (mg) 462. 8 664. 0 751 .8 768. 9 727. ,5 
Hypocotyl fresh weight 
per unit length 
(mg/cm) 55. 9 75. 4 63 .7 62. 2 61. ,3 
Primary root length (cm) 16. 3 19. 0 15 .0 13. ,7 10. ,4 
Root dry weight (mg) 22, .2 23. 5 13 .4 10. ,4 8. ,3 
Shoot to root ratio 4, .9 5. ,1 9 .3 11, .5 14. 0 
^The initial oxygen concentrations for 5, 10, 15 and 
20% COg were 19, 18, 17 and 16%, respectively. 
^Each value is the mean of 3 replications and each 
replication (each desiccator) consisted of 8-10 seedlings. 
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dry and fresh weights. It is also shown in Table 30 that 
5% COg had little or no effect on hypocotyl elongation but 
did increase its dry and fresh weights per unit length (i.e., 
stimulated its lateral growth). It also increased primary 
root length but had no effect on total root dry weight. All 
3 concentrations of 10, 15, and 20% COg increased hypocotyl 
lengths by 45-50%, (Figures llD, 17C) but had no effect on dry 
weight per unit length. They slightly increased the fresh 
weight per unit length (Table 30). Dry and fresh weights 
per unit length were, as usual, averaged over the entire 
length of the hypocotyl and do not represent any specific 
segment. As the concentration of COg increased, shoot to 
root ratios increased. A concentration of 10% COg increased 
this ratio to 9.3 which is almost the same (9.0) as the 
long hypocotyl variety. Mandarin, at 25°C (Table 24). 
As Figure 17B and C shows, the diameter of the hypocotyl 
is not the same over its entire length. The upper half is 
usually thicker. As an example. Figure 17C shows that the 
upper half of the hypocotyls (which constitutes the new 
growth in response to COg) of 15% COg-treated seedlings are 
not swollen, whereas those of the untreated ones are (Figure 
17B). The upper half of the 15% COg-treated seedlings 
attained a dry weight to length ratio of 3.1 mg/cm and a 
fresh weight to length ratio of 46.4 mg/cm, whereas the un­
treated seedlings attained 8.7 and 114.5 mg/cm for the same 
parts, respectively. The swollen part of the 15% COg-treated 
Figure 17. Effects of 15% CO? (C) on the 12-day growth of 
seedlings of Clark at 25"C in the dark, (B) 
plants were grown in initially normal air in a 
closed desiccator, (A) plants were grown as in 
B, but the desiccator inlet was left open and 
its lid moved aside ca. 2 cm 
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seedlings had a dry weight to length ratio of 9.8 mg/cm and 
fresh weight to length ratio of 148.5 mg/cm which was some­
what higher than the corresponding segments in untreated 
seedlings (8.7 and 114.5 mg/cm). Therefore» COg apparently 
stimulated lateral expansion of the lower half of the hypo-
cotyls where usually the untreated seedlings do not grow 
further. In summary, CO^ stimulates hypocotyl elongation 
and lateral expansion of its basal portion. The new hypo­
cotyl growth occurring in the presence of a high COg con­
centration is not as thick as that of control plants. 
Primary root length and total root dry weight decreased 
as the concentration of COg increased from 10 to 20% (Figure 
llD and Table 30). The inhibitory effect of high COg con­
centrations on primary root growth is believed to be due to 
the decreased rate of respiration observed in this study 
(Table 31) and by others (49, 76, 88). 
Table 31. Effect of initial CO2 concentration on the rate of 
respiration of dark grown seedlings of Clark at 
25°C after 9 days 
. Initial CO2 concentration (%) 
0.03-0.04 3.6 7.3 11.0 16.7 
COg evolved* 10.4 10.0 11.2 8.8 8.0^ 
Og consumed* 13.2 10.4 10.6 9.1 7.7 
Respiratory quotient 0.79 0.96 1.10 0.97 1.00 
^Increase in CO2 concentration and decrease in O2 con­
centration as per cent of the total gas volume at atmospheric 
pressure. 
^Each value is for 15 seedlings. 
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It was found that hypocotyl length still could be 
increased further and its lateral growth be reduced by 
increasing the number of seedlings (8-10 seedlings as com­
pared to 13-19 seedlings per desiccator) in the same volume 
(6.24 1) of air and in initial concentrations of 15% CO^ and 
17% Og. Table 32 shows that hypocotyls elongated up to 
15.9 cm (62% increase as compared with 52% with fewer seed­
lings (Table 30)). Their dry and fresh weights per unit 
length decreased by 27% and 14%, respectively in this experi­
ment whereas they slightly increased in the experiment with 
fewer seedlings (Table 30). Increased seedling number did 
not change the total hypocotyl dry weight but increased the 
fresh weight (Tables 30, 32). Primary root length and total 
root dry weight decreased, perhaps because of the inhibitory 
action of a higher concentration of CO^ (produced by the 
higher number of seedlings) on respiration. Plants that were 
growing in atmospheric COg (0.03-0.04%) and 17% Og attained 
slightly longer hypocotyl lengths (10.6 cm) than those in 
atmospheric COg and 20% 0^ (9.8 cm). Plants in 15% COg and 
20% ©2 had a final hypocotyl length of 13.5 cm (Table 32). 
The question is how the increased number of seedlings 
can still further stimulate hypocotyl elongation. It does 
not seem that this increase in hypocotyl length is due only 
to the higher COg concentration which resulted from a higher 
number of seedlings. Plants grown at 15% COg and 20% Og 
114 
Table 32. Effects of O2 and CO2 initial concentrations on 
the 12-day growth of seedlings of Clark at 25®C 
in the dark 
O2 and CO2 concentrations (%) 
0.03-0.04 COg 0.03-0.04 COg 15 CO2 15 CO2 
20 O2 17 O2 20 Og 17 G2 
Epicotyl length 
(cm) 3.1 3.1 1.8 1.7* 
Epicotyl dry weight 
(mg) 9.6 8.3 3.7 3.3 
Cotyledon dry 
weight (mg) 63.8 70.4 72.9 67.2 
Hypocotyl dry 
weight (mg) 35.0 38.9 44.1 43.4 
Hypocotyl length 
(cm) 9.8 10.6 13.5 15.9 
Hypocotyl dry 
weight per unit 
length (mg/cm) 4.0 4.0 3.7 2.9 
Hypocotyl fresh 
weight (mg) 573.4 685.3 733.7 847.0 
Hypocotyl fresh 
weight per unit 
length (mg/cm) 65.4 68.5 59.9 56.5 
Primary root 
length (cm) 14.1 15.8 9.9 11.3 
Root dry weight 
(mg) 17.1 17.4 9.4 7.6 
Shoot to root ratio 
(dry wt) 6.3 6. 8 12.8 15.0 
^Each value is the mean of 3 replications and each 
replication (each desiccator) consisted of 13-19 seedlings. 
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attained shorter hypocotyl lengths (13.5 cm) than when they 
were grown at 15% COg and 17% Og (15.9 cm) (Table 32). 
Apparently the lower oxygen concentration stimulated hypocotyl 
growth. Statistical analysis in Table 33 of selected data 
from Table 32 shows that mean hypocotyl length in 15% COg 
and 20% Og is significantly shorter than the mean length 
in 15% COg and 17% Og at a 0.5% level of probability. Whether 
or not the effect of low oxygen is additive or synergistic 
was not determined statistically, but data in Table 32 
suggest that it is synergistic (i.e., low oxygen and high 
carbon dioxide are interacting). Hypocotyl lengths of 
seedlings growing in atmospheric COg and 17% Og were longer 
than those in atmospheric COg and 20% Og by 0.8 cm; those in 
15% COg and 20% were longer by 3.7 cm. However, when 
plants were grown in 15% COg and 17% Og the hypocotyl length 
was longer by 6.1 cm than thoke in atmospheric CO2 and 20% 
Og. Therefore the difference observed is greater than the 
additive effects (0.8 + 3.7 = 4.5 cm) of a low 0^ and a high 
COg concentration. In any case it can be concluded that 
both Og and COg concentrations influence hypocotyl elongation 
in seedlings of Clark, a short hypocotyl variety. A high 
COg concentration and a low Og concentration both stimulate 
elongation, perhaps in a synergistic manner. 
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Table 33. Analysis of variance of hypocotyl lengths of seed­
lings of Clark grown for 12 days at 25°C in 
darkness in desiccators initially containing 15% 
CO2 and 17 or 20% Og (selected data from Table 32) 
Source of Degree of Sum of Mean 
variation freedom squares square F 
Oxygen 
concentration 1 129 .16 129. 16 
**** 
8.47 
Error 87 1327 o
 
o
 
15. 25 
Total 88 
**** 
Indicates significance at P = 0.005. 
2. Reversal by red light 
a. Effects of red light Continuous or intermittent 
red light stimulated the growth of epicotyls and increased 
their lengths and dry weights (Table 34). Intermittent red 
light also stimulated elongation of hypocotyls by 36% and 
reduced their dry and fresh weights per unit length to about 
the same extent. Exposure to 5 minutes red light once every 
48 hours (beginning at 72 hours) reduced the dry and fresh 
weights per unit length by 32% and 34%, respectively, and 
consequently eliminated hypocotyl swelling completely. 
Continuous red light increased hypocotyl length by 10% and 
reduced its dry and fresh weights per unit length by 22% 
and 29%, respectively. Neither continuous nor intermittent 
red light had much effect on primary root length and total 
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root dry weight. They also did not have much effect on 
shoot to root ratio. 
Table 34. Effects of continuous and intermittent red light 
on the 9-day growth of seedlings of Clark at 25*C 
Intermittent Continuous 
Darkness red light^ red light^ 
Epicotyl length (cm) 3.0 10.7 11.1° 
Epicotyl dry weight (mg) 10.5 19.6 19.8 
Cotyledon dry weight 
(mg) 68.1 67.9 69.4 
Hypocotyl dry weight 
(mg) 27.7 26.5 24.6 
Hypocotyl length (cm) 7.8 10.6 8.5 
Hypocotyl dry weight 
per unit length (mg/cm) 4.0 2.7 3.1 
Hypocotyl fresh weight 
(mg) 437.0 405.0 345.8 
Hypocotyl fresh weight 
per unit length 
(mg/cm) 60.7 40.3 43.3 
Primary root length (cm) 28.0 28.8 29.4 
Root dry weight (mg) 20.7 21.0 24.4 
Shoot to root ratio 
(dry weight) 5.1 5.4 4.7 
i ^Red light was given for 5 minutes 72 hours after plant­
ing and this was repeated every 48 hours thereafter. 
^Continuous red light illumination was begun 72 hours 
after planting. 
Each value is the mean of 30 seedlings. 
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b. Effects of red light in combination with 15% carbon 
dioxide and 17% oxygen Red light, either intermittent or 
continuous, partially overcame the inhibitory effect of 15% 
COg and 17% Og on the growth of the epicotyls (Table 35 and 
Figure 18). It is also shown in Table 35 that intermittent 
red light in combination with 15% COg and 17% Og increased 
hypocotyl length by 76% and decreased its dry and fresh 
weights per unit length by 50% and 46%, respectively, as 
compared to dark grown seedlings grown in atmospheric con­
centrations of COg and Og. Continuous red light in combina­
tion with 15% CO2 and 17% Og increased hypocotyl length by 
48% and decreased its dry and fresh weights per unit length 
by 50% and 48%, respectively. It is interesting to .note the 
effect of red light in eliminating completely the swelling 
of the hypocotyls, whether plants were grown in desiccators 
initially containing laboratory air or 15% COg and 17% O^. 
Red light in combination with high CO^ slightly decreased 
primary root length and increased root dry weight in compari­
son with high COg alone (Table 35). 
Table 35. Effects of COo and On concentrations and red light on 12--day growth 
of seedlings of Clark at 25°C 
0.04% CO2 + 15% CO2 + 15% CO2 + 15% CO2 + 
20% O2 in 17% O2 in 17% O2 with 17% O2 with 
darkness darkness intermittent continuous 
red lighta red light& 
Epicotyl length (cm) 3.1 1.7 4.0 2 . 1 °  
Epicotyl dry weight (mg) 9.6 3.3 6.5 4.0 
Cotyledon dry weight (mg) 63.8 67.2 74.8 85.2 
Hypocotyl dry weight (mg) 35.0 43.4 34.2 29.7 
Hypocotyl length (cm) 9.8 15.9 17.3 14.5 
Hypocotyl dry weight per 
unit length (mg/cm) 4.0 2.9 2.0 2.0 
Hypocotyl fresh weight 573.4 847.0 608.7 493.4 
(mg) 
Hypocotyl fresh weight per 
unit length (mg/cm) 65.4 56.5 35.6 34.0 
Primary root length (cm) 14.1 11.3 10.0 8.8 
Root dry weight (mg) 17.1 7.6 9.4 10 .3 
Shoot to root ratio 
(dry weight) 6.3 15.0 12.3 11.5 
Red light was given for 5 minutes 72 hours after planting and this was 
repeated every 48 hours thereafter. 
^Continuous red light was begun 72 hours after planting. 
°Each value in the two columns at the right is the mean of 30 seedlings. 
The two columns at the left were selected from Table 32. All seedlings were grown 
in sealed containers. 
Figure 18. Effects of CO- and red light on the 12-day 
growth of seedlings of Clark and Mandarin at 
25®C 
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3. Ethylene evolution as a function of temperature and 
variety 
The rate of ethylene production per gram fresh weight by 
seedlings of Clark was highest at 25®C throughout the period 
extending from 2 to 6 days after planting, whereas those of 
Mandarin were about the same at all temperatures (Table 36 
and Figure 19A). The rate of ethylene production per gram 
fresh weight of Mandarin was considerably lower than that of 
Clark at 25®C but was similar to it at 20 and 30®C. The rate 
of ethylene production per seedling in Clark was highest at 
25®C (Table 36 and Figure 19B). Statistical analysis in 
Table 37 shows that the ethylene produced per seedling of 
Clark between 4 to 6 days at 25°C is significantly higher 
than that at 20 or 30®C at a 0.5% level of probability. 
Statistical analysis in Table 38 shows that the ethylene 
produced per seedling of Clark between 4 to 6 days at 25®C 
is significantly higher than that of Mandarin at the same 
temperature at a 0.5% level of probability. The increased 
ethylene production by Mandarin with increased temperature 
may simply result from the increased rate of growth or, 
alternatively, may reflect the more advanced stage of develop­
ment attained at the higher temperatures. This increased 
ethylene production by Mandarin at higher temperatures does not 
inhibit hypocotyl elongation because its rate is not high 
enough, judging from results obtained by others (10). 
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Table 36. 
Time 
(days) 
after 
planting 
Effect of temperature on the rate of ethylene 
production by varieties Clark and Mandarin grown 
in the dark 
Ethylene produced (myl/hr) by 
Clark 
Temperature (®C) 
20 25 30 
Mandarin 
Temperature (®C) 
20 25 30 
Per gram fresh weight of seedling axis^ 
2 - 4  2 . 4  w
 00
 
1 . 8  2 . 3  1 . 8  1 . 7 b  
4 — 6  1 . 5  6 . 1  1 . 7  1 . 2  1 . 4  1 . 9 °  
Per seedling 
2 - 4  0 . 6  1 . 2  1 . 3  0 . 7  0 . 9  1 . 3 b  
4-6 0 . 6 ^  3 . 7 ®  1 . 8 ^  0 . 6  1 . 6 9  to
 
to
 0
 
Seedling axis fresh weights (epicotyl + hypocotyl + 
root) were measured at the end of the ethylene sampling 
period. 
^Each value is the mean of 2 replications (two 4 1 flasks) 
and each replication consisted of 15-17 seedlings. 
°Each value is the mean of 4 replications (four 4 1 flasks) 
and each replication consisted of 15-18 seedlings. 
d,e,fjjean values followed by these letters are significantly 
different from each other at P = 0.01 using Student's t-
distribution (56, p. 143). 
®'%ean values followed by these letters are significantly 
different from each other at P = 0.01 using Student's t-
distribution (56, p. 143) . 
Figure 19. (A) Ethylene produced per gram fresh weight of 
seedling axis and (B) per seedling as a function 
of temperature in seedlings of Clark and 
Mandarin grown in the dark 
The rate of ethylene production is calculated 
from the amount of ethylene accumulated during 
the period from 4-6 days after planting. 
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Table 37. Analysis of variance of ethylene production 
(mul/hr/seedling) by Clark between 4-6 day 
Source of 
variation 
Degree of 
freedom 
Sum of 
squares 
Mean 
square F 
19.21 9.65 
**** 
Temperature 2 43.86 
Error 9 2.01 0.22 
Total 11 21.22 
**** 
Indicates significance at P = 0.005 
Table 38. Analysis of variance of ethylene production 
(myl/hr/seedling) by Mandarin and Clark at 25®C, 
between 4-6 day 
Source of 
variation 
Degree of 
freedom 
Sum of 
squares 
Mean 
square F 
Variety 1 8.61 8.61 19.13**** 
Error 6 2.73 0.45 
Total 7 
**** 
Indicates significance at P = 0.005. 
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4. lAA-induced ethylene production 
lAA at a concentration of 0.1% in lanolin was applied 
to hypocotyls of 3-day etiolated seedlings of Clark and 
ethylene evolution was measured after 25 hours at 25®C. 
Lanolin only was applied to control plants. 
Results in Table 39 show that lAA stimulated ethylene 
evolution of treated seedlings up to 6 times that of controls. 
I 
This is consistent with the findings of several other { 
investigators (14, 29, 89) who showed that lAA stimulated 
ethylene production in hypocotyls of sunflower and in pea 
seedlings. 
Table 39. Ethylene production induced by 0.1% lAA in 3-day 
etiolated seedlings of Clark at 25*C 
Ethylene production 
(myl/hr/gm fresh weight of seedling axis) 
- lAA + lAA 
1.5 8.7 
^Each value is the mean of 5 seedlings sampled indi­
vidually . 
5. Effects of removal of evolved ethylene and carbon dioxide 
There was no difference in primary root lengths (Table 
16) of Clark and Mandarin at 25*C when seedlings were grown 
in paper towels, but there was a difference in length (Clark 
was shorter by 3.1 cm) when these were grown in a closed 
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atmosphere. For this reason it was suspected that the 
ethylene accumulated during 9-days* growth in the closed 
atmosphere may have been responsible for this inhibition of 
primary root growth. To resolve this problem the ethylene 
evolved in a closed but continuously recirculated atmosphere 
was absorbed by mercury perchlorate or the COg by potassium 
hydroxide. 
Results in Table 40 suggest that the ethylene released 
by seedlings of Clark causes a slight inhibition (19%) of 
primary root elongation. When ethylene is absorbed (and CO^ 
is not) the primary root length is increased by 3.9 cm. Though 
this increase is clearly due to the removal of evolved 
ethylene from the gas phase, the possibility still remains 
that the COg accumulating in the system contributed indirectly 
to this increase by antagonizing the effects of endogenous 
ethylene. The endogenous ethylene may have been slightly 
lowered in concentration by the increased diffusion gradient 
resulting from its external absorption, thereby making this 
antagonism possible. That accumulating CO^ did not have this 
effect is suggested by the results of another experiment 
in which Clark seedlings were grown in the same way except 
that the air around them was not recirculated. Instead, the 
lid of the desiccator was moved aside about 2 cm and its inlet 
left open so that its contents were accessible to the moving 
air of the growth chamber and its temperature kept at 25°C at 
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all times. Under these conditions, neither COg nor ethylene 
could have accumulated in high concentration. The primary 
root and hypocotyl lengths were 20.1 and 8.7 cm, respectively. 
These values match very closely the results in Table 40 
obtained when ethylene alone was continuously removed. 
Table 40. Effects of ethylene and carbon dioxide removal 
on seedlings of Clark grown for 9-days in a 
continuously recirculating atmosphere 
Length (cm)^ 
+ C^H, - CgH, 
+ COg + COg 
Primary root 16.6 17.0 20.9 
Hypocotyl 6.1 9.0 8.7 
^Each value is the mean of 3 replications and each 
replication consisted of 5-6 seedlings. 
Results in Table 40 also show that ethylene has little 
or no effect on hypocotyl elongation when COg is allowed to 
accumulate in the gas phase. However, in the absence of COg 
accumulation, ethylene does inhibit hypocotyl elongation by 
about one-third. 
6. General discussion 
At 25®C, the soybean varieties, Clark and Shelby, 
acquire 4 conspicuous features which distinguish them from 
+ S«4 
Plant part _ 
measured 2 
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the same varieties grown at 20 or 30®C and from the long 
hypocotyl varieties. Mandarin and Hawkeye. These features 
are; (1) shorter hypocotyls, (2) swelling of hypocotyls 
which results in larger fresh and dry weights per unit 
length, (3) greater lateral root formation which results in 
an increase in root dry weight, and (4) a smaller shoot to 
root ratio. As to what causes these features it is postu­
lated that an inhibitory concentration of ethylene formed 
by the seedlings at 25®C is responsible and that this is due 
to the supraoptimal concentration of auxin formed at this 
temperature. 
The most conclusive support for a direct role of ethy­
lene in determining the anomalous pattern of growth in Clark 
at 25®C (and presumably in the other short hypocotyl varie­
ties as well) is the anomalous ethylene evolution at this 
same temperature (Table 36). Whether or not a higher con­
centration of endogenous lAA is responsible for this ethylene 
production at 25®C, requires further experimentation. But 
since ethylene is usually produced in those parts of the 
plant which have the highest auxin content (1, 3, 10, 14, 
19, 31, 33) and since exogenous lAA stimulates ethylene 
evolution by this plant (Table 39) it is probable that the 
high rate of ethylene production by Clark is associated with 
a high concentration of endogenous lAA. 
The results of several other investigators (10, 14, 19, 
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46) have shown that a rate of ethylene production in the 
range between 3 and 5 myl/hr/gm fresh weight causes maximal 
swelling and inhibition of elongation in pea stem and sun­
flower hypocotyl tissues (14) and in pea roots (19). The 
same range of ethylene production inhibits the opening of 
the bean hypocotyl hook (46) and pea epicotyl hook (34) and 
stimulates abscission in bean and pea expiants (10, 71). 
It is shown in Table 36 that variety Clark at 25®C produces 
ethylene at the rate of 6.1 myl/hr/gm fresh weight, which 
is higher than the physiologically active concentration range 
mentioned above. The rates of ethylene production by Clark 
seedlings at 20 and 30°C and by Mandarin seedlings at 20, 25 
and 30®C are all below the rate of 3.0 mpl/hr/gm. It is 
important to note that the physiologically active rate of 
ethylene production in Clark seedlings grown at 25®C 
occurs prior to the deceleration of the hypocotyl growth 
which is at about 5.5 day (Figure 6) and during the period 
of growth at which a temperature of 25°C is most inhibitory 
to hypocotyl elongation as shown in temperature sequencing 
experiments (Tables 18, 19). 
Indirect evidence which supports the hypothesis that 
ethylene is responsible for the unusual pattern of growth of 
Clark at 25°C is as follows : It was demonstrated (Table 27) 
that the effects of 25°C on the growth of the short hypocotyl 
variety, Clark, can be almost completely duplicated in the 
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long hypocotyl variety. Mandarin, by application of 0.1% 
lAA or 3 ppm ethylene. It was also shown that application 
of 0.1% lAA or 3 ppm ethylene to Clark inhibits hypocotyl 
elongation still further and increases their lateral expan­
sion. Moreover, application of 0.1% lAA enhances ethylene 
production in these hypocotyls about 6-fold. These results 
suggest that a supraoptimal concentration of lAA is produced 
by Clark at 25°C, and are in agreement with the findings of 
Burg and Burg (12, 14), Chadwick and Burg (19) and Zimmerman 
and Wilcoxon (89) who suggested that ethylene synthesis 
induced by supraoptimal concentrations of exogenous lAA 
(10~^-10~^ M) is responsible for the observed inhibitions of 
root and shoot elongation and lateral expansion of these parts 
in pea and sunflower seedlings. 
Since a large amount of ethylene is produced by Clark 
at 25®C (Table 36) and since endogenous ethylene production 
presumably is stimulated by endogenous auxin as well as by 
exogenous auxin (1, 3, 10, 14, 19, 29, 31, 33, 44, 45) it 
seems highly probable that the synthesis of supraoptimal 
amounts of auxin in Clark is responsible for the observed 
ethylene production. Therefore, if a supraoptimal concentra­
tion of lAA is already present in the tissue, application 
of exogenous lAA should either have a further inhibitory 
effect or have no effect. It is shown in Table 26 that lAA 
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application as low as 0.01% in lanolin inhibits hypocotyl 
and root elongation and increases hypocotyl swelling and 
root dry weight. 
Gibberellic acid (0.1%) increased the hypocotyl length 
of Clark at 25®C by 57% and decreased its dry weight per unit 
length by 20%. It also decreased lateral root production, 
which resulted in a 33% decrease in root dry weight. 
Gibberellic acid probably causes these effects by opposing 
the synthesis and/or the action of the endogenous ethylene 
produced by Clark. The opposing effects of GA^ and ethylene 
have been shown by several investigators (29, 45, 69, 73). 
Holm and Key (45) working with hypocotyls of the soybean 
variety, Hawkeye, found that the addition of GA^ inhibited 
the production of both endogenous ethylene and auxin-induced 
ethylene by 50%, and thereby caused hypocotyl elongation. 
Confinement of excised hypocotyl sections in ethylene con­
centrations up to 100 ppm did not inhibit elongation with 
GA^ present in the incubation medium. On the other hand, 
Fuchs and Lieberman (29) found that application of GA^ to pea 
seedlings neither inhibited endogenous ethylene production 
nor decreased lAA-induced ethylene production. However, GA^ 
did antagonize the inhibitory effects of lAA and exogenous 
ethylene and promoted the elongation of the pea seedlings. 
If a high rate of ethylene production is associated 
with a supraoptimal concentration of endogenous lAA in 
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seedlings of Clark, then the effects of an antiauxin such 
as PCIB are of particular interest. It is shown in Figure 
16 that PCIB decreased lateral root formation and this 
resulted in the decreased root dry weight observed (Table 29), 
This effect may result from an antagonism of endogenous 
auxin; Thimann (79) has shown the ability of lAA to stimulate 
lateral root formation in pea seedlings. But it acted 
similarly to lAA in inhibiting primary root and hypocotyl 
elongation. This is not unexpected since the influence of 
PCIB 'on plant growth appears to be a rather complex matter. 
Devlin and Hayat (25) claim "when one considers the many 
different activities of lAA in the growing plant, it is easy 
to accept the hypothesis that several different modes of 
action may be open to the auxin molecule. If several centers 
of activity are present, then these could account for the 
peculiar interaction of PCIB and lAA. At one ëite PCIB may 
counteract the effects of lAA, at another it may have no 
effect, while at still another it may act in a similar manner 
to lAA." Not mentioned by Devlin and Hayat is the possibility 
that it may have other effects completely unrelated to lAA. 
The most interesting aspect of results presented in Table 29 
are the apparent "auxin" effects in the shoot and "antiauxin" 
effects in the roots. 
The results obtained (Table 30) when seedlings were grown 
in high COg concentrations further support the hypothesis 
135 
that endogenous ethylene is responsible for the inhibition 
of hypocotyl elongation and its lateral expansion in Clark. 
Carbon dioxide antagonizes many effects of ethylene including 
flower fading (75), acceleration of abscission CIO), epinasty 
of leaves (24), fruit ripening (13, 88), inhibition of sun­
flower and soybean hypocotyl elongation and stimulation of 
their lateral growth (14, 15), inhibition of root elonga­
tion (19) and transverse geotropism (33). Therefore, a 
response to COg may be used as a fairly specific diagnostic 
test for the participation of ethylene in a physiological 
process. 
A low COg concentration of 5% had no effect on hypocotyl 
elongation but considerably stimulated its lateral expansion 
(Table 30). Higher COg concentrations (10, 15, and 20%) 
increased hypocotyl length; the optimum response was obtained 
with 15% COg which increased the length by 62% and decreased 
lateral expansion by 27% (Table 32). Apparently 5% COg is 
too low to overcome the ethylene effect and higher concentra­
tions are required. Holm and Abeles (44) found that a COg 
concentration lower than 15% was not as effective in over­
coming the exogenous ethylene inhibition of soybean hypocotyl 
growth (variety Hawkeye). He suggests that a balance between 
COg and endogenous ethylene may in some way regulate the 
growth of this and perhaps other plants. The results pre­
sented here support Holm and Abeles' suggestion and provide 
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reasonable evidence for ethylene being at least one cause 
of the short and swollen growth of hypocotyls in Clark 
seedlings grown at 25°C. 
When the number of seedlings was increased (from 8-10 
to 13-19 per desiccator) in 15% COg? hypocotyl length also 
was increased from 13.8 to 15.9 cm (Table 32). This increase 
in hypocotyl length is not due only to the higher concentra­
tion of COg, which has been evolved by the higher number of 
seedlings, but must be attributed also to the effect, per­
haps synergistic, of a lower Og concentration. It Has been 
shown by Burg (11) and Burg and Burg (12, 13, 15) that 0^ 
is required for the action of ethylene and that a low Og 
concentration decreases the effects of ethylene. Yang (86) 
has also shown that 0^ is required for the synthesis of 
ethylene in a model, chemical system. 
Hypocotyl length still increases further when the seed­
lings are grown in 15% CO^ and are exposed to 5 minutes of 
red light once every 48 hours beginning 72 hours after plant­
ing (Table 35). The unusual swelling of the hypocotyl is 
also eliminated completely. The reason that red light 
enhances hypocotyl growth and eliminates its swelling is 
perhaps due to the decrease in endogenous ethylene level or 
to a decrease in sensitivity of seedlings to the ethylene. 
The effects of red light could not be due to an increase in 
COg production, though such an increase has been shown in 
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bean hypocotyl by Kang et al. (46), because there is already 
a sufficient concentration (15%) of COg present. It has 
been shown by Goeschl and Pratt (33), Kang et (46) and 
Burg and Burg (12) that red light decreases the production 
of endogenous ethylene and reduces sensitivity of the plants 
to ethylene. 
It was mentioned previously that one feature of Clark 
seedlings grown at 25°C is that they produce numerous, long 
and thick lateral roots. This may be controlled by the action 
of endogenous ethylene. It has been found by Thimann (79) 
that lAA is responsible for the production of lateral roots 
in pea plant, and Crocker et al. (22) and Zimmerman and 
Wilcoxon (89) have shown that both lAA and ethylene induce " — 
root formation. lAA also induces ethylene production in roots 
(6, 12, 19, 63). Furthermore, both lAA and ethylene increase 
lateral root production in Mandarin (Table 27) and in Clark 
(Tables 26, 28). Therefore, the ethylene produced by Clark 
could very well be responsible for the stimulation of lateral 
root formation and growth. Involvement of ethylene in 
lateral root growth is also substantiated by a decrease in 
lateral root production when seedlings are grown in 10% COg 
(Table 30). It is also possible that ethylene stimulates 
lateral root formation indirectly. By inhibiting hypocotyl 
growth and decreasing its dry weight (Tables 1, 9), it may 
cause the unused dry matter to be translocated to the roots 
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where it is used for the formation of more lateral roots. 
As far as the growth of the primary root is concerned, 
it does not seem that endogenous ethylene is involved as 
there is no difference in length between Mandarin and Clark 
when grown in paper towels at 25°C (Table 16). The only 
time that the primary root of Clark is shorter (16.3-17.1 
cm; Tables 28, 30) than that of Mandarin (20.2 cm; Table 27) 
is when they are grown in vermiculite and in a closed atmos­
phere. In this situation, ethylene in the environment may 
inhibit root elongation in Clark. If ethylene in the 
environment is absorbed by mercury perchlorate, roots of 
Clark attain the same length as Mandarin (Table 40). 
It has been demonstrated by Goeschl et al. (35) that 
a physical stress on the epicotyl of pea plants causes an 
increase in ethylene evolution which in turn decreases 
elongation and increases radial expansion. This may further 
explain why seedlings of Clark do not emerge when planted 
10 cm deep in sand at 25®C (36). It is shown in Table 22 
that physical stress decreases hypocotyl length by 37% and 
increases radial expansion by 45%. Note, however, that 
hypocotyl elongation in Mandarin is little affected by the 
same treatment. 
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V. SUMMARY 
Hypocotyl elongation was studied in 12 varieties of 
soybean grown at 15, 20, 25, and 30®C. Elongation was 
inhibited in 4 varieties (Clark, Shelby, Amsoy and Ford) when 
seedlings of these were grown at 25°C, but was normal at the 
other temperatures. The other 8 varieties, including Hawkeye 
and Mandarin, elongated normally at all 4 temperatures. 
Further studies were undertaken to investigate the cause 
of this temperature inhibition. 
Dry matter distribution in 2 "short hypocotyl varieties" 
(Clark and Shelby) and 2 "long hypocotyl varieties" (Hawkeye 
and Mandarin) was studied at 20, 25, and 30°C after 9 days' 
growth. The inhibition of hypocotyl elongation in Clark and 
Shelby at 25®C can not be attributed to a lack of transloca­
tion from the cotyledons. Similar quantities of dry matter 
are translocated out of cotyledons of both long hypocotyl 
and short hypocotyl seedlings. In the latter type, more dry 
matter is translocated directly from the cotyledons to ,the 
roots and less to the hypocotyls than in the former type. 
Using the same 4 varieties, hypocotyl and primary root 
lengths were measured as a function of time over 9- or 10-day 
periods. All 4 varieties elongated in a similar manner at 
20, 25, and 30°C except for hypocotyls of Clark and Shelby 
at 25°C. At this temperature, hypocotyls of all 4 varieties 
attained approximately the same lengths 72 hours after 
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planting but, thereafter, the growth rates of Mandarin and 
Hawkeye exceeded those of Clark and Shelby. Hypocotyls of 
Mandarin and Hawkeye continued to grow at a high and con­
stant rate until they decelerated about one day later than 
those of Clark and Shelby. 
The short hypocotyl of Clark at 25°C was stimulated to 
elongate by growing the seedlings at 20 or 30®C during the 
first 5 or 3 days, respectively, after planting. 
The growth regulators, lAA, GA^, kinetin, PCIB, ethylene 
and COg were applied to seedlings of Clark at 25®C. Ethylene 
and lAA were also applied to Mandarin at this temperature. 
Ethylene and lAA had similar effects in inhibiting hypocotyl 
and primary root elongation in both varieties, and in stimulat­
ing hypocotyl swelling and lateral root formation. Effects 
of kinetin on Clark hypocotyls were similar to those of lAA 
and ethylene except that it had little or no effect on root 
growth. GA^ increased hypocotyl length, decreased its lateral 
expansion, and slightly reduced root growth (root dry weight). 
The antiauxin, PCIB, when applied together with lAA reversed 
the effects of lAA on root growth but acted in a manner 
similar to lAA in further inhibiting hypocotyl arid primary 
root elongation. When PCIB alone was applied it had similar 
effects. 
High concentrations (10-20%) of CO^ increased the length 
and decreased the lateral expansion of Clark hypocotyls at 
25®C. They decreased primary root length and dry weight. 
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Intermittent, short term illumination with red light 
both increased hypocotyl elongation and decreased its lateral 
expansion by about one-third. Red light in combination with 
15% COg and 17% Og increased hypocotyl elongation by about 
three-fourths and decreased its lateral expansion by about 
one-half. 
Ethylene evolution by seedlings of Clark and Mandarin 
was measured at 20, 25, and 30®C during the period (2-6 days) 
in which their hypocotyl growth rates at 25®C diverge and 
in which this temperature has its most striking inhibitory 
effects. At this temperature, Clark seedlings produced 
ethylene several times more rapidly than at 20 and 30®C. At 
all 3 temperatures. Mandarin seedlings produced it at about 
the same low rate as those of Clark at 20 and 30*C. 
The above findings provide direct evidence to show that 
the inhibition of Clark hypocotyl elongation is due to a 
rapid production of endogenous ethylene at 25®C. Other evi­
dence, though less direct, supports this hypothesis: (1) the 
effects of a temperature of 25°C on Clark seedlings can be 
duplicated in Mandarin by applying lAA or ethylene; (2) the 
effects of temperature can be partially reversed by COg, a 
competitive inhibitor of ethylene, by red light, and, most 
effectively, by combinations of the two; (3) these effects 
of temperature can be further exaggerated by applied ethylene 
and lAA, the latter stimulating endogenous ethylene production, 
and (4) the effects of applied gibberellic acid and kinetin 
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are consistent with their known effects on ethylene evolution 
in Uiis or other species of legumes. 
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